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Abstract 
In this thesis, problems associated with using markers to detect junctions in inbred 
populations are investigated. A junction is defined as a locus on a chromosome 
where two segments meet, each deriving ultimately from a distinct chromosome in a 
founder population. Junctions provide a method of visualising genetic diversity 
within a population, as well as having applications in mapping of quantitative trait 
loci (QTL). This thesis presents theoretical results on the expected number of 
junctions present on chromosomes in partially inbred populations, and addresses 
problems posed by locating these junctions using markers in both simulated 
populations and mouse recombinant inbred lines (RILs). 
Simulations confirmed the result of Stam (1980) that J, the expected number of 
junctions per Morgan in a completely inbred population, is 2(N+1), where an initial 
population of N unrelated founders mate randomly (with selfing excluded) until the 
population is inbred. Stam's result is shown to be an example of a more general 
expression for J.,  which depends on the initial conditions of the population, such that 
J. = 2(NK0 + Ho), where H0 and K0 are the probability of a locus on two homologous 
chromosomes being IBD when selected from one individual and two distinct 
individuals respectively. In the populations considered by Stam, H0 = K0 = 1. Further 
theoretical analyses show that the expected number of junctions per Morgan in a 
partially inbred population is linearly related to the inbreeding coefficient, J1 = F1(J-
1) +1, and this result is confirmed by simulation. 
The expected distribution of segment lengths resulting from a uniform distribution of 
recombination events is a beta distribution with parameters (1, J4, where J 
junctions are present. Observed distributions of segment lengths from the final 
generations of simulations were found to be over-dispersed compared to the expected 
distribution, as junction locations were more clustered than expected. 
This clustering has implications for the efficiency of junction detection using marker 
maps. Assuming fully-informative markers (2N alleles, each corresponding to a 
single founder chromosome), recording one junction each time one or more junctions 
fall between two adjacent markers, an approximate expression for the proportion of 
junctions detected, a, is derived from simulations as a = 1/(1+1.4y), where ' = JIB, 
the ratio of junctions to brackets on a particular chromosome. Thus, the number of 
markers required to detect 90% of the junctions present is approximately 12.5 times 
the number of junctions. 
For RILs, substituting initial parameters N = 2, K0 = 1 and H0 =1 gives an expected 
J of 4. Analysing junction counts derived from microsatellite markers in 109 RILs 
derived from 5 distinct crosses, the average junction count per Morgan was lower 
than this expectation. Analysis of variation in recorded junction number between 
lines showed that the cross of origin of each line had a significant effect on the 
variation in junction number between lines. Variation between crosses suggests that 
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Detecting ancestraijunctions in inbred populations 
Chapter 1: Introduction 
1.1 Inbreeding 
Inbreeding is broadly defined as mating between related individuals, and can be 
quantified by the degree of relationship between two parents, or equivalently, by the 
expected proportion of genetic material that they share. When practiced for several 
generations, inbreeding can have potentially deleterious effects on individuals in 
inbred populations. These effects are reflected in the increase in underlying levels of 
inbreeding, leading to an increased in average homozygosity across the population. 
Deleterious phenotypic consequences of the increased homozygosity in individuals 
within an inbred population include the expression of recessive disease alleles in 
human populations, for example Diastrophic Dysplasia in the Finnish population 
(Hästbacka et al. 1992), and in animal populations, loss of vigour, fertility and a 
general deterioration in levels of fitness, collectively known as inbreeding depression 
(Charlesworth & Charlesworth 1987). To properly control the effects of inbreeding, 
it is necessary to have some idea of exactly how inbred a specific individual or 
population is. This can be achieved by calculation of inbreeding coefficients. 
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1.1.1 Quantifying inbreeding 
A pair of alleles at a locus is considered "Identical by Descent" (IBD) if they 
ultimately derive from the same ancestral chromosome in some specified founder 
population. IBD refers to the origin of the chromosomal segment, and ignores the 
effects of mutations, which can make alleles identical by state (IBS) without 
necessarily being IBD. 
The inbreeding status of an individual can be quantified by calculating the inbreeding 
coefficient, F, of that individual. This is equivalent to the expected proportion of that 
individual's genome that is IBD, and hence the chance that any randomly selected 
locus within an individual is IBD. Although earlier measures of inbreeding had been 
proposed based on the number of ancestors (e.g. Pearl 1913), Wright's measure of 
inbreeding (Wright 1922) was the first to be explicitly formulated in terms of the 
expected homozygosity of an individual, and it is this formulation that is still widely 
used. Wright calculated F as the correlation between the gametes that unite to make 
an individual. The inbreeding coefficient of an individual is identical to the 
coefficient of coancestry of its two parents (Lynch & Walsh 1998). The expected 
correlation of the gametes from two individuals can be calculated exactly if their 
pedigree is known. In Wright's formulation, an individual's inbreeding coefficient is: 
F1 = (Y2)11 '1 '(1 + F4), where n and 12' are the number of generations from each 
parent back to a common ancestor, F4 is the inbreeding coefficient of that ancestor, 
and the summation is across all ancestors shared between the parents. The inbreeding 
coefficient measures homozygosity due to identity by descent and ignores identity by 
state, which is an effect of forces other than shared ancestry. 
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The methods detailed above for the calculation of F rely upon knowledge of the 
pedigree of an individual, and the inbreeding coefficients of each individual therein. 
If that pedigree is unknown, the degree of homozygosity within an individual must 
be estimated, which can be achieved by calculating the IBD status of markers 
distributed throughout the genome (see e.g. Pong-Wong et al. 2001). An alternative 
approach to this problem is to locate the points on the chromosome that form 
boundaries between IBD and non-1131) segments, and calculate total IBD 
accordingly. The locations that correspond to changes in IBD statues are what Fisher 
(1954) called "junctions". Fisher's theory of junctions is elaborated further below 
and in subsequent chapters. 
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1.1.2 Inbreeding and homozygosity in randomly mating populations 
For a population of size N each to have distinct ancestors, there would be at least 
2N  
individuals in the initial generation. For large values of N, this number far exceeds 
the actual number of founders in many populations, so some degree of coancestry 
between individuals is inevitable, and some proportion of the genomes in individuals 
in such a population will be IBD. 
In an isolated population with random mating and no selection, the major factor that 
changes allele frequencies over time is genetic drift. This occurs as a result of 
random selection of gametes to form the next generation of a population. In such a 
population, the average heterozygosity, H, in each generation depends solely on that 
of the previous generation. If the state of the founder population is known, the 
heterozygosity, inbreeding, in each generation can easily be calculated: 
H, =(I —  
2N) 
with the corresponding expression for the inbreeding coefficient: 
F =__Y'l_---J] 1  
2N 2N 
The effect of genetic drift in a small, randomly mating population is illustrated in 
figure 1.1. The figure follows the allele frequencies over the first 20 generations of a 
randomly mating population of size N = 5, where each line represents the frequency 
of one allele. There are ten distinct alleles in the first generation, each at a frequency 
of 0. 1, and each generation is formed by sampling alleles at random from the 
previous generation. It can be seen that after twelve generations, the locus has 
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become fixed for one allele, purely as a result of genetic drift. Drift is an important 
factor in changing allele frequencies over time in small populations, and in the 
absence of any selection, is the primary force that drives this change. 
In regular systems of mating, the expected inbreeding coefficient at any given 
generation can be calculated exactly by recursion, if the value in the previous 
generation is known. If the state of the founder population is known, or can be 
assumed, then levels of inbreeding in all subsequent generations can be calculated. 
Crow & Kimura (1970) demonstrate this for repeated brother/sister matings. If F1 is 
the inbreeding coefficient of an individual, and G1 is the average coancestry between 
two distinct individuals, then the average heterozygosity in an individual H1 = 1-F1, 
and similarly, K1 = 1-G1. H1 is the probability that two alleles sampled at random from 
within one individual are non-IBD, and K1 is the probability that two alleles are non-
IBD when sampled from two distinct individuals. If H and K are known in the 
founder generation, then the recurrence equations I-Is = K11 and K1 = ¼ H11 + '/2 K, 1  
can completely define the state of the population at any stage of brother/sister 
mating. For a larger population the recurrence for H1 is the same, but that for K1  
becomes: 
K =---HI-1  +I1---flK 
2N N) 
' 
Substituting N = 2 gives the expressions for sib mating outlined above. The effect of 
the exclusion of selfing on these calculations, compared to those of a completely 
random mating population outlined above, is negligible for large values of N, but 
becomes more significant in smaller populations. 
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Stam (1980) derived an expectation for the proportion of the genome identical by 
descent in finite randomly mating populations, which was generalised to other 
population histories by Chapman & Thompson (2003). This is outlined in more detail 
in chapter 2. 
Figure 1.1. Genetic Drift in small populations. 
The figure shows allele frequencies at one locus in a population of size N = 
5, starting with 10 distinct alleles each at frequency 0.1 in generation 0. Each 
allele is represented by a different line. 
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1.1.3 Structure of chromosomes in inbred populations 
Any chromosome in any population will be a mosaic of sections of various 
chromosomes from previous generations due to recombinations throughout the 
population's evolution (Pääbo 2003). By designating some arbitrary generation in the 
past as the "founder" generation of the current population, each chromosome in 
subsequent generations can be considered a mosaic of segments derived from this 
generation, ignoring any previous population history. Any locus on a chromosome in 
the current generation can thus be classified by the founder chromosome from which 
it originates. Constructing a complete map of any generation relative to the founders 
may be difficult if large numbers of loci are to be tracked over multiple 
chromosomes. An easier way to consider this would be to track the segments of 
ancestral chromosomes inherited as contiguous blocks, rather than the individual 
loci. Considering a population of chromosomes in this way, loci can still be classified 
according to their ancestral origin, but only the boundaries between segments need 
be followed, rather than the origin of every locus. These boundaries are junctions as 
defined by Fisher, which are points where segments of distinct ancestral origin meet. 
Junctions are explained in more detail below, but the concept is illustrated in figure 
1.2. This shows the founder generation of a population of size N = 5, and the same 
population at complete inbreeding. The state of the inbred chromosome(s) was 
determined using the simulations detailed in chapter 2. Initially, all chromosomes are 
unique, so F0 = 0. At inbreeding, Fc0 = 1, and each chromosome consists of 13 
distinct segments, separated by 12 junctions which are fixed across the population. 
To describe the entire population of chromosomes at this, or any generation, it is 
necessary only to record the origin of the ancestral segments that make up each 
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chromosome, and the location of the junctions between them. The ancestral origin of 
any particular locus can thus easily be determined. 
Just as inbreeding and identity by descent are measured relative to some specified 
founder generation, so is the pattern of junctions and segments at any generation. For 
example, the pattern of junctions at inbreeding displayed in figure 1.2 is defined 
relative to the illustrated founder generation, but the chromosomes in this generation 
may have some degree of coancestry. By designating this generation the founder, any 
such history is ignored. A different founder generation will lead to different 
junction/segment patterns in any subsequent generations. Ancestral segments are 
those regions inherited unbroken from founder populations, and alleles present on 
such segments will thus be strongly associated with one another. A method 
measuring this association, and perhaps using it to infer something of the population 
history, is to measure the degree of linkage disequilibrium between alleles. 
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Figure 1.2. Chromosomes in inbred populations. 
First and last generations of inbred populations in a population of size N=5. 
The upper 10 chromosomes represent the founder generation with each 
chromosome assumed to be unique. The lower 10 chromosomes shows the 
state of the population at complete inbreeding, with ancestral segments 
coloured according to their ancestral origins. Junctions are the locations on 
the inbred chromosomes where segments of distinct origin meet. Each 
chromosome is tOM in length. 
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1.2 Linkage disequilibrium 
1.2.1 Concept and definitions 
Each locus on a chromosome exists in one of several possible allelic states. These 
alleles may correspond to the ancestral chromosome of origin, if such an origin can 
be determined accurately, but more usually refer to marker genotypes. Markers with 
limited numbers of alleles will often be IBS without being IBD, but as ancestral 
origin cannot be determined exactly, marker genotypes can provide a way of 
visualising this. 
The specific sequence of alleles present on a chromosome is that chromosome's 
haplotype, and the set of haplotypes present in any given generation will depend on 
the factors that acted on the population since the founder generation. If alleles 
associate completely at random, the frequency of a specific haplotype will equal the 
product of the frequencies of the alleles that make up that haplotype. In such a case, 
the population is said to be in "Linkage Equilibrium". Any deviation from linkage 
equilibrium is termed "Linkage Disequilibrium" (LD), which is a measurement of 
non-random association of alleles at distinct loci in a population, and as such is 
sometimes referred to as "allelic association". 
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1.2.2 Measuring and quantifying linkage disequilibrium 
LD can be quantified as the difference between observed and expected haplotype 
frequencies. To take a simple example, for two biallelic loci, with alleles 0 and 1 at 
loci A and B, there are four possible haplotypes 00, 01, 10 and 11. If there is random 
association between alleles at these two loci, the frequency of each haplotype will 
equal the product of the two allele frequencies, Py = P1P1,, where P, and P1 are allele 
frequencies at two loci, and P, the frequency of the corresponding haplotype. If the 
haplotype frequencies deviate from the expectation, then the difference between the 
two quantities will be non-zero, and the alleles will be in LD. A simple measure of 
disequilibrium in this case is Lewontin's D (Lewontin 1964) which is the difference 
between the observed and expected frequencies for a specific haplotype, D 1 = P, - P1 
Pj. D gives a measure of the strength of association between alleles at the two loci 
and takes the form of a covariance. If D is significantly different from zero, there is 
linkage disequilibrium between these alleles. 
D alone is not useful for comparing levels of LD between populations, as its value is 
dependent on the marginal allele frequencies P1 and P. Several standardisations of D 
have been proposed that scale the raw value by some factor to make it comparable 
between experiments, and ease its interpretation. D' (Lewontin & Kojima 1960) is 





where Dmax = min[P1P, (1-PL)(1-Pj)] for Dij <0, and mm [P1(1-P),(1-P1)P} for D1 >0. 
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D' thus takes the range -1 to +1, regardless of the allele frequencies. D'= ±1 
represents complete LD with no evidence of historical recombination between the 
two loci in question. However, values of D'<l have no clear interpretation (Ardlie et 
al. 2002). An alternative measure uses the fact that D is a covariance, and scales it by 
the square root of the product of the four marginal allele frequencies to give r, the 




The square of this value is often reported to remove any negative values introduced 
by the arbitrary labelling of alleles. The value of r2 represents the amount of 
information regarding the allele present at one locus that can be obtained by 
observing the allele present at the other. As with D', r2 = 1 represents complete LD, 
and hence complete information about one marker from the other, but intermediate 
values are easier to interpret 
Marker alleles present on ancestral chromosome segments that have been inherited 
intact from a chromosome in the founder population will be in strong LD. Such 
segments have, by definition, been inherited intact from an ancestral chromosome 
without being separated by recombination. Loci that are far apart physically in the 
founder are more likely to be broken apart by recombination. Recombination is a 
major factor in the breakdown of LD over time, but other factors have an effect. 
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1.2.3 Factors affecting linkage disequilibrium 
The level of LD between alleles is affected by several factors (Terwilliger et al. 
1998). A mutation that occurs on a specific haplotype background will be in 
complete LD with all alleles on that particular haplotype, until it is broken down by 
recombination in subsequent generations. Migration and admixture can generate LD, 
occasionally between unlinked loci. Drift and selection also increase levels of LD in 
the population, and also serve to reduce genetic variation. These increases in LD, and 
the reduction in variation, both occur as a result of limited sampling of gametes. 
LD is broken down by recombination between a particular ancestral haplotype and 
other haplotypes in the population. In a randomly mating population, ignoring any 
other factors, LD will break down in each generation at a rate proportional to the 
recombination rate, B. 
D, = D, 1 (1-0) = D0 (1-0)' 
where D0 is the disequilibrium in the founder generation. In actual populations, the 
factors outlined above will contribute to the LD levels in each generation. For 
example, in a highly inbred population, the rate of decline of LD will be slightly less, 
as only recombination between chromosomes heterozygous at both loci will 
contribute to the decay of LD. This is less likely in an inbred population compared to 
one that starts out completely outbred. The reduced genetic variation makes 
populations with high levels of LD useful in mapping quantitative trait loci (QTL). 
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1.2.4 Using linkage disequilibrium to map Quantitative Trait Loci 
Linkage disequilibrium has proved a useful tool in mapping of QTL in animals 
(Farnir et al. 2002) and disease genes in humans (Hästbacka et al. 1992). The basis 
of LD mapping of QTL is that chromosomes sharing a particular QTL allele derived 
from a unique mutation event at some time in the past will also share a short segment 
of genetic material around that allele, derived IBD from the chromosome on which 
the mutation occurred. Markers within such a segment will be in strong LD with one 
another, and also with any trait locus that may be located there. The extent of shared 
segment will vary across all chromosomes carrying the QTL allele, but will decline 
over time with recombination, and refining the location of the QTL requires that the 
extent of shared segment on each chromosome be determined. If the generation the 
mutation occurred is designated the founder generation in such a study, the problem 
then becomes one of locating the boundary of the shared segment derived from a 
single chromosome in that founder generation. These boundaries will be junctions, as 
defined by Fisher (1954, see also below), so locating such junctions would be a step 
towards refining the location of such QTL. 
The evolutionary history and dynamics of a population will influence current levels 
of linkage disequilibrium, and these factors must be taken into account when 
examining population LD measures, as they will differ significantly from those 
expected from decay due to recombination alone (Devlin & Risch 1995). For LD 
studies to be useful in mapping studies, some knowledge of background levels of LD 
in the population under study is needed as a control, as such knowledge may be used 
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to determine the effects of past population history on junction formation and 
location. 
1.2.4.1 Patterns of linkage disequilibrium in livestock 
Small effective population sizes, intense selection and frequent admixture in 
livestock populations suggest that levels of LD in these populations would be more 
extensive than in humans. LD mapping would be feasible in such populations using a 
relatively sparse marker map, although the resolution of such mapping would be 
correspondingly low. Analysis of LD in livestock has not been as intensive as that in 
humans, but with the recent or imminent publication of the genomes of several 
livestock species and continuing advances in marker technology, it is likely to 
advance rapidly. Two initial studies that confirm the existence of extensive LD in 
such populations are Farnir et al (2000), and McRae et al (2002) 
Famir et al. (2000) examined levels of LD in the Dutch Black-and-White cattle 
population using a panel of 284 microsatellite markers, and found extensive LD 
between pairs of markers, with useful levels of LD extending over tens of 
centiMorgans. LD between markers was measured using D', which was found to 
decay rapidly with increasing distance between loci. Simulation studies showed that 
the levels of observed disequilibrium in the population could be accounted for by 
random drift in the population. 
McRae et al. (2002) examined LD in Coopworth sheep. LD was measured using 
Hedrick's multilocus extension of Lewontin's D' (Hedrick 1987). D' declined with 
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distance between markers, and was negatively correlated with D' for markers <60cM 
apart. Markers <10cM apart had lower D' values than the markers separated by 
similar distances in Farnir et al. (2000) cattle study. Significant LD was measured 
between non-syntenic markers more than twice as often as expected under random 
segregation. Extensive LD was thought to result from the small effective population 
size and recent admixture of the Coopworth population. It was suggested that a joint 
linkage-LD analysis would be the best approach to mapping in this population to 
avoid errors that may arise from LD between non-syntenic loci. The extent of LD 
means that QTL mapping using a relatively sparse map will be feasible, but the 
resolution will be lower. As LD decays with recombination, finer mapping may be 
possible in subsequent generations. The possibility of fine mapping of QTL and 
disease susceptibility alleles in human populations has prompted extensive studies of 
LD levels in human populations. 
1.2.4.2 Linkage disequilibrium in Human Populations 
The number and density of markers required for a complete genome scan will depend 
on the levels of LD in the population under study. In a simulation study with 
population parameters similar to those estimated for the human population, Kruglyak 
(1999) presented results showing that useful LD in a human population would extend 
over regions of —3kb, so at least 500,000 SNPs would be required for a full scan of 
the human genome, but he concedes that detailed experimental studies will be needed 
to confirm this result. These results would imply that LD mapping for complex 
diseases may be limited to small isolated populations, due to their higher levels of 
LD. However, there have been some questions as to the validity of Kruglyak's model 
(Jorde et al. 2000). More "realistic" demographic scenarios can lead to larger regions 
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of LD being reported, Collins & Morton (1998) and other empirical studies on 
outbred human populations have shown significant levels of LD over regions of 30-
50Kb (Goddard et al. 2000), but to be truly useful, fine scale LD analysis of several 
regions of the genome will be necessary. 
Levels of LD vary not only between populations, but also between sections of the 
genome. Boehnke et al. (2000) studied a 6.5cM region of chromosome 18 in a 
Finnish population, a Sardinian population, and USA and UK populations. The 
relationship between physical distance and LD was found to be similar in all 
populations, but there was substantial variability within each of the samples. Levels 
of LD in the Sardinian and Finnish populations were found to be consistently higher 
than US and UK populations. The data of Boehnke et al. (2000) suggested that 
100,000 SNPs might be sufficient for a whole genome scan in humans, although this 
data was from a single chromosome, and other chromosomes might be expected to 
have different levels of LD. Isolated populations may be more useful for LD 
mapping, but more data will be required from a range of populations to say for 
certain how valuable these populations will be for locating the mutations present 
within these populations. 
LD has also been studied within genes, such as the LPL (lipoprotein lipase) gene. 
Clark et al. (1998) shows large amounts of LD in both coding and non-coding 
regions, but the overall number of individual haplotypes made the analysis so 
complex that the authors concluded an association test using three or four linked 
markers would not be a feasible way to detect causal variation. Similar patterns are 
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observed looking at linkage disequilibrium in other gene regions, for example 
Bonnen et a! (2000), looking at the ATM gene. 
Diverse studies examining LD in human populations at several different scales, 
suggest that LD is highly variable at whatever scale examined, and that high-density 
marker maps of the genome would be necessary to properly quantify the changes in 
LD at a microscopic level. With the advent of high-throughput SNP genotyping 
technology, such high-resolution studies of specific regions of the human genome are 
becoming available. Jeffreys et al. (2001), looking at the MHC II regions, and Rioux 
et al. (2001) examining the cytokine gene cluster report similar patterns of LD: a 
block-like haplotype structure, with regions of high LD separated by smaller regions 
of higher diversity. These regions of low diversity have been termed "haplotype 
blocks". 
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1.3 Recombination and haplotype blocks 
1.3.1 Haplotype blocks 
Haplotype blocks describe a phenomenon reported in several recent studies of 
haplotypes in human populations (e.g. Daly et al. 2001; Reich et al. 2001). Blocks 
refer to observed regions of low observed haplotype diversity, separated by shorter 
regions of higher diversity, where most of the segregating variation is concentrated. 
The concept of haplotype blocks has applications in mapping of QTL and 
susceptibility alleles for complex traits, as well as general characterisation of the 
genetic diversity of a population, but there is currently no consensus in the literature 
as to what constitutes a "haplotype block". 
Haplotype blocks have been reported in several regions of the human genome, 
including the MHC region of chromosome 5 (Daly et al. 2001), across the whole of 
chromosomes 19 (Phillips et al. 2003) and 21 (Patil et al. 2001), and at randomly 
selected regions throughout the genome (Gabriel et al. 2002). It is argued (Johnson et 
al. 2001) that if such blocks are present throughout the genome, they would facilitate 
whole-genome association studies to identify QTL, as fewer markers would need to 
be genotyped to locate a putative QTL within a haplotype block. This has led to the 
development of a project to characterise the diversity of haplotypes in the human 
genome: the human HAPMAP project (International HapMap Consortium 2003) 
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1.3.2 Methods of block formation 
It has been observed that recombination is not uniform across the human genome, 
but that recombinations occur preferentially in some regions, termed "recombination 
hotspots" (Lichten & Goldman 1995). If hotspots are a universal feature of the 
genome, then a haplotype block-like pattern of diversity will inevitably emerge, as 
recombinations will concentrate the genetic diversity into discrete locations, with 
regions of lower diversity between hotspots. In the MHC II regions, Jeffreys et al. 
(2001) report that the boundaries between haplotype blocks coincide with 
recombination hotspots. However, recombination hotspots are just one possible way 
in which such a pattern might emerge. Zhang et al. (2003) found patterns similar to 
haplotype blocks in simulated populations where recombination was at random, and 
not concentrated in specific areas. 
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1.3.3 Block definitions 
All published definitions of haplotype blocks share the general concept that blocks 
are long regions of limited haplotype diversity, separated by shorter regions of higher 
diversity. However, blocks themselves cannot be visualised directly, so their 
presence must inferred, and specific block definitions are necessarily formulated in 
terms of marker genotypes. There is no clear consensus on how to recognise a 
"haplotype block" in a population of chromosomes from marker genotypes alone, 
and several operational definitions have been published. Most block definitions fall 
into one of two classes, defined either by LD or by haplotype diversity. Block 
definitions formed in terms of LD assume blocks to be regions of the genome where 
all inter-marker disequilibrium measures exceed some pre-determined threshold (e.g. 
Jeffreys et al. 2001), whereas definitions formed in terms of haplotype diversity 
consider blocks to be regions where a small number of haplotypes can account for 
most of the genetic variation within that region (e.g. Patil et al. 2001). Although the 
block patterns given by various definitions have some degree of correlation, Cardon 
& Abecasis (2003) note that the thresholds used to define them are still arbitrary, and 
at the discretion of the investigator. There is no universally recognised underlying 
framework for haplotype blocks that has any biological relevance. Although 
recombination hotspots will lead to block formation, it is by no means certain that 
this phenomenon is universal, and other mechanisms can be proposed to explain the 
observed patterns of diversity. These issues must be clarified before the concept of 
haplotype blocks can be a useful tool for QTL mapping. 
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1.3.4 Use of blocks in QTL mapping 
Johnson et al. (2001) propose that if haplotype blocks are universal throughout the 
genome, then they would facilitate whole genome association studies. If all (or most) 
of the variation within a particular block can be identified using a subset of the SNPs 
present, called "haplotype tagging" or htSNPs, then the number of markers that 
would have to be genotyped for a whole genome scan could be considerably reduced. 
Gabriel et al (2002) estimate that all common haplotypes could be identified using 
<106 SNPs. There are, however, problems associated with this idea (Cardon & 
Abecasis 2003). To be useful, haplotype maps for the population(s) under study will 
have to be obtained, which will initially require high density SNP mapping. SNP 
density and allele frequencies will also influence the observed pattern of blocks, but 
perhaps the most important problem to overcome in the application of haplotype 
blocks to association studies is that of what a haplotype block actually is, as the 
plethora of published definitions each use different criteria, based on subjective and 
arbitrary thresholds. For this reason, Cardon and Abecasis (2003) recommend 
affording such observed blocks the status of "draft quality", until a more objective 
means of determining blocks is formulated. One theory that may provide some 
conceptual insight into the mechanisms of block formation, and the genetic variation 
that underlies them, is Fisher's theory of junctions. 
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1.4 Junctions 
1.4.1 Fisher's theory of junctions 
In Fisher's theory of junctions (Fisher 1954), a junction is defined as the point on a 
chromosome where segments of distinct ancestral origin meet. Junctions are defined 
relative to some specified founder generation, and the ancestral origin of a particular 
segment is the chromosome in the founder generation from which that segment 
ultimately derives. A junction is formed at a recombination event between a pair of 
chromosomes that is non-IBD at the point of crossing over. Recombinations that 
occur between chromosomes that are IBD at the crossover locus will not give rise to 
junctions, as there will be no discontinuity of ancestral origin in the resulting gamete. 
This is illustrated in figure 1.3. 
Figure 1.3: Junction formation 
Two possible meiotic crossovers are displayed, with recombination events 
indicated by crosses, with black and white blocks indicate segments of 
distinct ancestral origin. In the meiosis on the left, crossing over occurs 
between two chromosomes that are not IBD, so each of the possible 
gametes carries a junction, indicated by the arrows. On the left, a 
recombination still occurs, but no junction is formed as the crossover occurs 
between chromosomes that are IBD. 
Parents I II 
Gametes I 
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1.4.2 Junction classification and evolution 
In considering pairs of homologous chromosomes, Fisher defined two major classes 
of junctions in terms of the IBD status of the pair of chromosomes before and after 
the junction. "External" junctions are those loci where IBD status of the 
chromosomes changes from IBD to non-1131), and "Internal" junctions are junctions 
where the IBD status is the same on either side of the chromosome. Stain (1980) 
further classified internal junctions as "internal type 1" and "internal type 2", which 
are internal to [BD and non-IBD regions respectively. These classifications are 
clarified further and investigated in chapter 2. 
A distinction must be made between junctions as Fisher defined them, in a pair of 
homologous chromosomes within an individual, and the locus on a single 
chromosome where segments derived from two ancestral junctions meet. 
Classification of junctions into internal and external junctions only applies to 
junctions in pairs of chromosomes, and these will be referred to throughout this 
thesis as "diploid junctions", or by their classification in the nomenclature of Fisher 
or Stam. Junctions on single chromosomes will be referred to as "haploid junctions", 
where distinction is necessary. If no further qualification is made, the word 
"junction" alone will refer to the haploid sense. 
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1.4.3 Development of junction theory 
Fisher's initial application of the theory of junctions was in determining the 
proportion of an individual's genome that is IBD, with external junctions defined as 
loci where IBD status changes within an individual. Fisher (1954), derived an 
expression for the total number of heterogenic tracts, and a sampling distribution for 
the distribution of segment length for alternate parent-offspring mating. Fisher 
assumed that after a number of generations of inbreeding, the number of heterogenic 
segments will be approximately Poisson distributed, with the length of the segments 
tending towards a negative exponential. 
Bennett (1953) derived expressions for the average number of heterogenic tracts in 
an inbred population, which were similar to those of Fisher. The average number of 
tracts per unit after n generations of self-fertilisation is given as 2n + D/L, with 
average length of segment 100/[2n+ u/L], for a genome of total length L distributed 
over u pairs of chromosomes. The sum of all junctions surviving in all generations 
since founding is given as 32AL + for parent/offspring inbreeding, and as 6L + u for 
full-sib mating. 
Sved (1971) related linkage disequilibrium with identity by descent in populations of 
finite size, using an expression for r, the genotype correlation coefficient whose 
expectation can be expressed in terms of population size and recombination rate, as 
can the conditional IBD probability. This is used to derive the distribution of the 
length of homozygous segment surrounding a locus that is IBD. The expected length 
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of such a segment is given as [1/2Ne] (log Ne —1), where Ne  is the effective 
population size. 
Stam (1980) generalised the work of Fisher and Bennett to a finite population size, 
and calculated the fraction of the genome identical by descent, assuming that 
homogenic and heterogenic tracts are distributed exponentially. Stam also derived an 
expression for the expected number of distinct segments in the limit of a completely 
inbred population as: S = 2(N+1)L + n ,where N is the total population size, L is the 
genome length, and n the number of chromosomes. This is identical to the result 
obtained by Bennett (1953) for full-sib mating (where N= 2). 
Chapman & Thompson (2002) use the theory of junctions to examine patterns of LD 
in small isolated populations. They were interested in the lengths of segments of 
ancestral chromosomes that are still present later in the evolution of a population, 
and of the implications that these segments have for the extent of LD due to founder 
effects in such populations. 
Chapman & Thompson (2002) consider IBD relative to some founder population and 
examine the expected number of junctions in single and sub-divided populations. 
They prove that in an undivided population, assuming a Poisson distribution for 
recombinations at each meiosis, then the expected number of junctions present on a 
chromosome in a random individual in generation t, J1, is given by: 
E[JJ=>H1L 
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where L is the length of the genome in Morgans, and H1 is the probability of a 
particular locus being non-1131) in generation t. This generalises Stam's expression 
for a randomly mating population and allows it to be applied to any population, so 
long as H at each generation is known, or can be estimated. In a randomly mating 
population, values of H1 in each generation can easily be calculated as detailed above 
and substituted into the equation. Chapman & Thompson (2002) also calculate a 
value for the variance in the number of junctions, and find that simulations show than 
the actual variance in junction number is higher than the Poisson distribution of 
junctions at each generation would imply. 
In a subsequent paper, Chapman & Thompson (2003) develop a model for the 
expected length of IBD tracts in individuals in finite randomly mating populations. 
The expectation they derive is similar to that of Stam (1980) but they find that Stam 
underestimates the variance of the length in question. Chapman & Thompson (2003) 
are interested in the effect that population history has on identity by descent status in 
the context of mapping disease susceptibility loci. They attempt to link this 
phenomenon to that of haplotype blocks, as they state that LD reflects coinheritance 
of haplotype blocks by individuals, as the inheritance of chromosome segments 
relative to some small founder population at some time in the past may be of interest 
in the study of haplotype diversity in a small population. Chapman & Thompson 
(2003) derive their expected length for an IBD tract by considering the sequence of 
junction types along a chromosome. Chapman & Thompson (2003) classify junctions 
into four groups, two corresponding to Stam's internal junctions, and splitting the 
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external junctions into two types, those that form the start and end of TED tracts 
within an individual. This junction sequence and the lengths of the segments 
between them are sufficient to completely describe the IBD status of a pair of 
chromosomes. 
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1.4.4 Junctions and haplotype blocks 
Junctions and haplotype blocks share some conceptual similarities. They are both 
theoretical entities whose presence cannot be proved definitively, they exist in a 
current population only relative to some founder, and can only be defined and 
detected by the use of marker maps. The existence of haplotype blocks may be 
proved tautologously if they are defined in such a way that allows their observation 
in a specific dataset, but a definition that observes a block in one set of data may not 
necessarily see one in another set, where an alternative definition does. Junctions 
have the advantage of being based on sound biological principles, and their presence 
can be similarly inferred from marker genotypes. An underlying theoretical 
framework is necessary if a universally applicable understanding of haplotype blocks 
is to be developed. Understanding of the theory of junctions may help to inform such 
a framework. 
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1.5 Purpose of thesis 
In this thesis, the theory of junctions is used as a conceptual framework to consider 
the evolution of chromosomes in inbred populations. Specifically, the problem of 
using markers to detect the junctions present in simulated populations and 
recombinant inbred lines are examined. 
Questions that need to be answered if junction theory is to be applied to actual 
populations include i) how many junctions would we expect to see on a chromosome 
sampled from a population with a specific history. ii) of these junctions, how many 
can we detect with a given marker map. Question i) has been previously addressed 
by Stam (1980) for randomly mating populations, and more generally by Chapman 
and Thompson (2003). Their results are confirmed by simulation in chapter 2, which 
also examines the evolution of junctions in a population of randomly mating 
individuals. Question ii) is addressed in chapter 3, which looks at the detection of 
junctions using spaced markers along the chromosome. Chapter 4 applies the theory 
of junctions to recombinant inbred lines and investigates the factors that lead to 
variation in numbers of junctions detected between lines. Chapter 5 seeks to further 
clarify the forces affecting junction formation in RILs by attempting to map loci that 
influence the number of junctions detected between RILs. The general discussion in 
chapter 6 relates the results to concepts of haplotype blocks and outlines some 
possible extensions to the current work. 
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Chapter 2: Junctions in inbred populations 
2.1 Introduction 
The theory of junctions was presented initially in the first edition of "The Theory of 
Inbreeding" (Fisher 1949), and clarified in subsequent editions (Fisher 1964) 
following other published papers (Fisher 1954). It was intended as a move away 
from a "point theory" of inheritance towards a "strand theory". Individual loci are 
present on continuous segments of chromosome, and it is these segments that are 
inherited. A chromosome in any population will consist of a mosaic of segments 
derived from multiple founder chromosomes, as a result of crossovers at meioses in 
the population's history (Pääbo 2003). Fisher sought some method of tracking the 
inheritance of these ancestral segments, and one convenient way of doing so was to 
use the loci that form the boundaries between them. Fisher called these loci 
"junctions". A junction is formed at a recombination between two chromosomes that 
are not Identical By Descent (IBD) at the location of the crossover, as illustrated in 
figure 1.3. The pattern of junctions in any particular generation is thus dependent 
upon the generation that is specified as the founder. 
In the recent literature regarding haplotype blocks in humans, two major mechanisms 
for the block formation have been proposed. The first involves recombination 
hotspots (Jeffreys et at. 2001). If hotspots are present throughout the genome, then 
the regions between them will be of lower diversity than regions around the hotspots 
themselves, and a block-like structure will inevitably emerge. Hotspots are one 
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mechanism by which blocks could form, but block-like patterns may also be 
observed in populations with uniform recombination via genetic drift (Zhang et al. 
2003). To distinguish between these two mechanisms of block formation, it will be 
necessary to quantify what may be expected from the two processes. Using Fisher's 
theory of junctions, it is possible to relate genetic drift to lengths of ancestral 
segments. 
Fisher considered junctions to be equivalent to point mutations that could be 
followed through the population, so the ultimate fate of any junction is either loss or 
fixation. Each newly formed junction in a diploid population of size N is present at 
an initial frequency of 1/2N. In a randomly mating population, the probability of this 
junction ultimately going to fixation is also 1I2N. As the formation of each junction 
is a unique event, any junction at a frequency greater than 1/2N in the population 
must consist of multiple copies, derived IBD from the same crossover event. The loci 
of junctions at intermediate frequencies (I 12N < F < 1.0) can be thought of as having 
two alleles: "junction present", and "junction absent" (Chapman & Thompson 2003) 
In this sense, junctions can be considered biallelic point mutations, and as such  - are 
analogous to SNPs. Like SNPs, each junction occurs at a distinct event in the past 
and is propagated throughout subsequent generations by the (sometimes random) 
selection of gametes that form the next generation. Just as multiple SNPs are present 
on a single haplotype, multiple junctions can be present on a single chromosome. A 
chromosome can be fully described in terms of these junctions if the location of each, 
and the origins of the two ancestral segments that meet there, can be determined 
accurately. 
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In a completely inbred population, the entire genome is fixed, so any junctions 
present in such a population are also fixed and at a frequency of 1.0 (see figure 1.2). 
All homologous chromosomes are identical and consist of several segments of 
different lengths, each derived from a distinct chromosome in the founder 
population. In a partially inbred population, an individual's genome will consist of 
alternating IBD and non-IBD tracts. The boundaries between these two types of 
tracts will fall at junctions, which Fisher termed "external". Fisher distinguished 
these external junctions from "internal" junctions, which are junctions found within 
IBD and non-IBD tracts. The IBD status of the chromosome pair remains constant on 
either side of an internal junction. Starn (1980) further classified internal junctions 
into type I and type II, which are internal to IBD and non-IBD tracts respectively. 
Chapman & Thompson (2003) classified external junctions into those which, reading 
from one end of the chromosome, form the start and the end of IBD tracts. A diploid 
junction within an individual can thus be classified into one of four types depending 
on the IBD status of the genome before and after the junction, as indicated in table 
2.1. Internal type I junctions are IBD for different founder chromosomes on either 
side of the junction; otherwise there is no discontinuity of origin, and hence no 
junction will be present (see figure 1.3). All junctions in a completely inbred 
population are of this type. Junction classification is illustrated in figure 2. 1, which 
shows a pair of homologous chromosomes that consist of three IBD and three non-
IBD tracts. In total, there are 14 haploid junctions across the two chromosomes, but 
only 10 diploid junctions, as each of the four internal type-i junctions is equivalent 
to two haploid junctions, one on each chromosome. Eight haploid junctions are 
present on the first chromosome dividing it into nine distinct segments, with six 
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haploid junctions on the second chromosome dividing it into seven segments. The 
total number of distinct ancestral segments across the two chromosomes can be 
calculated as S = J + n, where J is the total number of haploid junctions, and n the 
number of chromosomes. In the example illustrated in figure 2. 1, S = 16. 
Table 2.1: Classification of diploid junction types 
Junctions are classified by the IBD status before and after the junction in a 
pair of homologous chromosomes 
After junction 
IBD NON 
Before junction IBD Internal type 1 External type 2 
NON External type 1 Internal type 2 
Figure 2.1: Illustration of junction types. 
Internal and External junctions are matched to patterns of IBD along 
gametes. Segments of ancestral chromosomes are represented by different 
patterns of shading. Diploid junction classifications are shown below the 
chromosomes, 1= internal, E=external, with types I and 2 as explained in the 
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Stam (1980), and Chapman & Thompson (2002) use Fisher's theory of junctions to 
derive expressions for the mean and variance of a length of IBD tract (the expected 
distance between two consecutive external junctions), developing the theory of IBD 
beyond determining the probability that an individual is IBD at a specific locus. Stam 
showed that, starting with a population of N outbred individuals, and allowing them 
to mate randomly with selfing excluded until the population was completely inbred, 




where L is the length of the genome in Morgan, and n the number of pairs of 
homologous chromosomes. This is equivalent to the expression used to calculate the 
number of segments in figure 2. 1, as the 2(N+ 1)L term represents the total number of 
junctions present over all chromosomes, and the n term adds one segment for each 
pair of chromosomes. The number of haploid junctions per chromosome equals the 
number of internal junctions per homologous pair in inbred populations, as all 
junctions at complete inbreeding are internal type 1. The total number of junctions at 
inbreeding over all L Morgans of the genome is 2(N+1)L, so the expected number of 
junctions per Morgan, J, is: 
Jcr = 2(N+1) 
Equation 2.2 
Chapter 2: Junctions in inbred populations 35 
Detecting ancestral junctions in inbred populations 
In his derivation of equation 2. 1, Stain calculated J as H,, where H, is the 
expected proportion of an individual's genome that is IBD in generation t. Over all 
chromosomes in generation t, 2NH, junctions form per Morgan, each with a 
probability 1/2N of fixation. The expected number of junctions formed per Morgan at 
generation t that ultimately go to fixation in the population is H,, so the sum over all 
generations gives the expected number still present at complete inbreeding. 
Most populations of interest to geneticists are at intermediate levels of inbreeding, 
with inbreeding coefficients somewhere between 0 and 1. It is desirable to locate 
junctions in such populations in order to understand the distribution of 
heterozygosity, and control inbreeding therein. To achieve this, some knowledge of 
the expected number and distribution of junctions at each generation is necessary. In 
this chapter, it is shown that the number of junctions in an intermediate generation is 
linearly related to the inbreeding coefficient at that generation. The evolution of the 
population of junctions in an inbreeding population is also considered, and it is 
further shown that the distribution of junctions on an inbred chromosome is not 
entirely at random. 
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2.2 Materials and methods 
22.1 Simulated populations 
A series of populations was simulated using FORTRAN 90 software. Each 
individual consisted of a single pair of homologous chromosomes of length 1.0 
Morgan. Each chromosome was unique in the first generation, i.e. the population was 
not inbred, F0 = 0. Generation t + 1 was generated by random mating of individuals 
in generation t, with self- fertilisation excluded, to be consistent with the simulations 
of Stam (1980). 
For each individual in generation t + I, the first parent was selected at random from 
generation t and one gamete generated, and the second parent selected from the pool 
of remaining individuals. The number of recombination events occurring at the 
formation of each gamete was sampled from a Poisson distribution with parameter L 
= 1.0, and the location of each recombination was placed at random along the 
chromosome, as indicated by a random number drawn from the uniform distribution, 
U[0,1]. Simulations were run for populations of size N = 2, 5, 10, 25 and 50, with 
1000 replicates of each. 
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2.2.2 Observations 
For each replicate, in each generation, t, the number of haploid junctions on each 
chromosome and their location was recorded, as well as the ancestral origin of the 
segments between them. Each junction was also classified in its diploid state 
according to table 2.1. A "segment" here is defined as the region of a chromosome 
between two haploid junctions. Segments are regions inherited unbroken from a 
single chromosome in the ancestral population 
When the entire population of chromosomes in each simulation was completely 
inbred, the length of each chromosome segment was recorded, as well as the average 
number of junctions per Morgan. Results were averaged over replicates, and standard 
errors were calculated for the variation between replicates. Inbreeding coefficients in 








two alleles are non-1131) when drawn at random from within one individual (H,) and 
from two distinct individuals sampled at random from the population in generation t 
(K,) 
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2.2.3 Segment length predictions 
If the location of junctions that become fixed in the final generation represents a 
uniform sample of J points along the chromosome, the distribution of the J. + 1 
segment lengths will be given by a 13  distribution with parameters (1, J) 
(Waddington et al. 2000). For each of 1000 replicates, the length of the first segment 
at complete inbreeding was recorded, and this distribution was compared to the 
expectation under a mixture of (3 distributions. Under the assumptions given above, 
the distributional property remains valid despite the chosen segment being situated at 
one end of the chromosome. The expected distribution over 1000 replicates was 
calculated as a mixture of 0 distributions: 
f = I Pg(x;1,J) 
Equation 2.3 
where g(x; 1 ,J) is the 13  density function with parameters 1, J, and Pj., the observed 
frequencies of J in the 1000 replicates. The distributions of segments obtained for a 
specified population size are conditional on the realised value of Jc. Unconditional 
expectations for the mean and variance of first segment lengths, L, were obtained 
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Equation 2.5 
2.3 Results 
2.3.1 Validity of Stam's predictions 
Table 2.2 reports the average number of junctions present per Morgan in the final 
generation of the simulations, when the populations have become completely inbred, 
and compares the average values to those predicted by equation 2.2. The observed 
averages over 1000 replicates are shown for inbred populations of size N =2, 5, 10, 
25 and 50. The observed averages do not differ significantly from Stam's 
predictions, validating this approach for the simulated populations here. Further 
simulations in larger populations confirmed the expected results. For example, a 
population of size N = 1000, has an expectation of 2002 junctions per Morgan at 
inbreeding, hence 20.02 junctions per cM. Simulations at N = 1000 with a 1 cM 
chromosome gave an average junction count of 20.47 junctions over 100 replicates 
with a standard error of 0.629, confirming that Stam's expectation remains valid for 
larger populations. 
The observed junction counts per Morgan conform to that predicted by equation 2.2. 
It can be shown (see Appendix 1) that equation 2.2 is an example of a more general 
expression for J,, and that the final number of junctions per Morgan in a population 
of fixed size N, mating at random with the exclusion of selfing depends upon the 
values of H and K in the founder population, so that: 
= 2(NK0 +H 0 ) 
Equation 2.6 
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The initial parameters in the populations considered by Stam were H0 = K0 = 1, and 
in such cases, equation 2.6 reduces to equation 2.2. 
Table 2.2 Predicted and observed numbers of junctions. 
Predicted values follow equation 2.2; observed values are averaged over 
1000 replicates, with standard errors in parentheses. 
Population Predicted Observed Standard R Inter- 
size (IV) junctions junctions Deviation 
Range 
quartile range 
2 6 6.06 (0.094) 2.999 [0,17] [4,8] 
249 5 12 11.90 (0.134) 4. [1,27] [9,14] 
10 22 22.06 (0.205) 6.487 [3,47] [17,26] 
25 52 51.90 (0.313) 9.911 [17,98] [45,58] 
50 102 102.31 (0.458) 14.482 [59,150] [92,112] 
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2.3.2 Junctions in intermediate generations 
Initially .J increased rapidly over time, towards J, as shown in figure 2.2. As the 
population becomes more inbred, the number of new junctions formed at each 
generation declines, and the average number of junctions goes towards the limit of 
J0. Heuristically, the expected number of recombination events present on each 
chromosome will increase linearly with time (1 per generation per Morgan), but 
fewer recombinations will result in junction formation in later generations, since 
most recombinations will occur between loci that are already IBD. Figure 2.3 shows 
that this increase is linearly related to the inbreeding coefficient F, with 
1-1 
= (J —l)+l. This result can be confirmed by equating J1 to I H J , and is 
equivalent to equation 5 in Chapman and Thompson (2003). This result can also be 
derived analytically as shown by Stam (appendix to MacLeod et al. 2005), and 
follows from equation 2,6. 
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Figure 2.2: Average junctions per Morgan over time 
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Figure 2.3 Relationship of Jt  and F 
Average junctions per Morgan (Jr) are plotted against inbreeding coefficient 
(Fe ) for various values of N. Fitting lines of the form Jt = F (J,,1)+1 gives t2 
 
>095 for all lines 
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2.3.3 Junction Evolution 
The average number of diploid junctions of each type in each generation of a 
population of N=50 is shown in figure 2.4. These data as a proportion of the total 
number of junction at each stage of inbreeding are shown in figure 2.5. In the first 
generation of inbreeding, any junction formed will be internal type 2, as the two 
segments that meet at the junction will both be distinct in origin from the homologue, 
as selfing is excluded. In early generations, most of the new junctions that form are 
of this type, but as inbreeding progresses, the chance increases that a newly formed 
junction will become paired with a homologue of the same ancestral origin as either 
of the segments that meet at the junction, so more of the new junctions will become 
external. Junctions already present are likely to change from internal type 2 to 
external for the same reason. As inbreeding progresses further, the rate of new 
junction formation decreases, and if the frequency of junctions already present in the 
population increases due to drift effects, the chances of two IBD copies of the same 
junction pairing up increases. Thus the proportion of internal type 1 junction 
increases, until eventually all of the junctions in the population are of this type in a 
completely inbred population. The general shapes of figure 2.4 and figure 2.5 are the 
same for other values of N investigated, and the point on figure 2.5 where the three 
lines intersect does not occur in other populations. 
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Figure 2.4 Evolution of junction types 
Average proportions of junction types at each generation for a population of 
size N = 50. Total numbers of junctions shown by the upper line, with the 
proportion of junctions at each generation indicated by patterns of shading. 
Figure 2.5: Proportion of junction types. 
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a population of size N = 50. 
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2.3.4 Segment Lengths 
Figure 2.6 shows the distributions of the lengths of the first segment in inbred 
chromosomes for populations of size N = 50, and the expected distribution based on 
a mixture of 3 distributions, as in equation 2.3. It is clear that the observed 
distribution is skewed towards the more extreme segment lengths (mean segment 
length is the same for observed and expected distributions). The actual distribution is 
more dispersed than expected, due to the over-representation of extreme segment 
lengths. Using a mixture of 3 distributions accounts for any variation in J over the 
replicates, so any deviation in the segment length frequencies from expectations will 
be due to deviation from the expected P distribution(s). It can therefore be inferred 
that the distribution of segment lengths over these replicates does not follow the 
expected f3 distributions. This suggests that the junction locations are not uniformly 
distributed along the chromosome, but are clustered in various locations, leading to 
several short segments of separated by a few segments of longer length. 
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Figure 2.6: Distribution of segment lengths 
Distribution of observed first segment length over 1000 simulations of an in 
inbred populations of size N = 50. Expected distributions come from a 
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2.4 Discussion 
In this chapter, results have been presented that confirm the prediction of Stam 
(1980) for the expected number of internal junctions in an inbred population (there 
are no external junctions in inbred populations), and that furthermore the increase the 
number of haploid junctions over time is linearly related to the inbreeding coefficient 
in a population. The number of junctions per Morgan, J1, in a randomly mating 
population of size N at time t, with an inbreeding coefficient F1 is J1 = F (.i,, - i) +1, 
where J, is Stam's expectation for the number of junctions per Morgan in a 
completely inbred population. However, observations based on observed segment 
length distributions show that these junctions are not distributed uniformly, but tend 
to cluster together, giving rise to more longer and shorter segments than would be 
expected given a uniform distribution. 
Given the presence of a haploid junction on a single chromosome, the classification 
of the diploid state of that junction, according to table 2. 1, is dependent on the 
ancestral origin of the homologous chromosome at the junction locus. Segments 
from two distinct ancestral chromosomes meet at a junction, if the homologous 
chromosome is IBD with one of these segments, the junction is external, if it is IBD 
with neither, the junction is internal type 2, and if the junction itself is IBD, the 
junction is internal type 1. The chance of a diploid junction in generation t being 
each of these types is illustrated in figure 2.5 for a population of size N= 50. As the 
population becomes more inbred, the chance of any given junction being internal 
type 1 increases as the proportion of other junction types in the population decreases. 
Within an individual, external junctions form the boundaries between IBD and non- 
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IBD tracts. In terms of measuring IBD within an individual, detection of external 
junctions is more important than internal. This is also the case when using junctions 
to examine diversity within a population of chromosomes, as external junctions are 
more likely to be the locations in changes in population homozygosity. Such 
locations are also likely to be important in determining the boundaries of haplotype 
blocks, as they represent locations of changes in heterozygosity. 
A universally accepted definition of "haplotype block" has yet to be formulated, but 
what all published definitions share is the idea that a haplotype block represents a 
region of low haplotype diversity in a population of chromosomes, separated from 
other blocks by regions of higher diversity. A junction represents the meeting point 
of two segments of distinct ancestral origin, so junctions at high frequency will 
represent regions of low diversity, as segments of identical ancestral origin will meet 
at that point on multiple chromosomes. Conversely, junctions at a low frequency in a 
population of chromosomes will represent regions of higher diversity, as more 
distinct ancestral segments will be segregating at these points. As such, a few high-
frequency junctions would be expected to occur within haplotype blocks, and several 
low-frequency junctions in the non-block regions that separate them. If such 
junctions could be located, they would give some idea of the underlying level of 
homozygosity within the population under scrutiny. 
Evidence for non-uniform distribution of junction locations came from the 
distribution of segment lengths and variations in junction density. In a completely 
uniform dispersal of junctions across the chromosome, the distribution of segment 
lengths will be described by a 3 distribution with one of its two parameters 
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determined by the number of junctions present. The observed distribution of the first 
segment length was found to be over-dispersed with an excess of longer segments, 
and since the mean was correct, an excess of shorter segments. A mechanism for this 
clustering and over-dispersion can be advanced. There are two possibilities for a non-
uniform distribution : (i) junctions have different survival probabilities; and (ii) 
junctions do not occur at position expected given a uniform distribution. In the 
neutral models presented here, the first possibility can be dismissed since the survival 
probability of a newly formed junction, together with an arbitrarily small region of 
chromosome either side of the junction, will be 1/2N independent of junction 
position. The extent of the intact region will depend on the size of the population, but 
nonetheless such a region will exist. A mechanism, and supporting evidence, can be 
found for non-uniformly distributed junctions. As described by Stam (1980), 
junctions occur over time, decreasing in rate of appearance as heterozygosity 
decreases. At an intermediate stage of heterozygosity some regions will be fixed and 
IBD, and junctions cannot form within such regions; crossovers will still occur, but 
they are of no significance to the segregation of the variation since junctions can only 
occur where there is segregation among founder alleles (see figure 1.3). Regions that 
become fixed early in the population's evolution will have been subject to fewer 
crossovers before fixation, and consequently would be expected to form longer IBD 
segments. Junctions formed at this intermediate stage that ultimately survive can 
only occur in increasingly smaller regions, thereby forming clusters with shorter 
segment lengths. Based on this hypothesis it would be predicted that markers that are 
fixed early belong to longer segments. This is confirmed by figure 2.7. The observed 
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over-dispersion of segment lengths in inbred chromosomes will arise naturally as a 
result of drift and random recombination. 
It can be concluded that the processes of genetic drift and uniform recombination 
will tend to concentrate the segregating genetic variation remaining at any given 
generation into localised regions. Such regions are likely to contain more junctions, 
and there will be fewer in the regions of limited diversity that separate them. The 
observed pattern of long regions of limited diversity separated by smaller regions of 
higher diversity can be observed in a population as a result of random recombination. 
This is the general pattern of diversity observed in haplotype blocks, whatever 
specific definition is assumed. Such results have been observed in other studies 
simulating drift alone, (e.g. Zhang et al. 2003) but the results presented here give 
more detail on the impact of drift and recombination. Recombination hotspots will 
also produce such a pattern, but it may be that such hotspots are merely those regions 
where diversity is still segregating within a population at any given time 
Most natural populations are partially inbred, with F values intermediate between 0 
and 1, it has been shown that for a randomly mating population on fixed size, 
excluding self-fertilisation, the average number of junctions per chromosome, .J, is 
linearly related to the inbreeding coefficient at generation t. The lengths of the 
segments between junctions in inbred populations is not distributed as would be 
expected if junctions were located according to a uniform distribution, but the 
junctions are found to be more clustered. This distribution of junctions has 
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implications for the efficiency of detecting junctions using marker maps, which are 
explored in the next chapter. 
Figure 2.7 The relationship between segment length and time fixed. 
The logarithm of the segment length containing a fixed, but randomly chosen, 
locus and the logarithm of the time to fixation for that locus. The locus was 
positioned 15cM from an end, and observed correlation from 5000 replicates 
was —0.42. 
In (generation fixed) 
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Chapter 3: Junction detection using markers 
3.1 Introduction 
Any characterisation of the genetic diversity of a population, for example the 
definition of haplotype blocks, is based upon genetic markers. Although errors are 
not unknown, marker genotypes can be determined with some degree of certainty. 
However, any inference on underlying chromosome structure based on these 
genotypes will be uncertain, as commonly used markers have a limited number of 
alleles, which make it difficult to definitively determine the ancestral origin of any 
particular locus. Such markers may be identical by state (IBS) without necessarily 
being identical by descent (IBD), and so will not truly represent the underlying 
diversity as measured in terms of ancestral origins. To frilly define a population of 
chromosomes in terms of this diversity, the location of junctions that form the 
boundaries of ancestral segments will have to be determined. It is thus necessary to 
determine what proportion of junctions a given marker map will detect. 
Whilst the results of Stam (1980) and Chapman and Thompson (2003) give a precise 
record of the expected IBD status of the genome within an individual, this could not 
be constructed from markers alone. The external junctions that form the boundaries 
between IBD and non-IBD tracts need to be located using markers, but a specific 
marker map may not detect all such junctions. Indeed Stam states (p.143), with 
reference to his results, that using spaced markers "may result in an underestimation 
of the number of junctions", and hence a mischaracterisation of the underlying 
diversity. In this chapter, the efficiency of junction detection using marker maps is 
investigated. This is achieved by superimposing marker maps upon simulated 
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chromosomes in evolving populations, and comparing the junctions inferred from 
these markers with the actual junctions present on the chromosome. The average 
detection rate if found to be lower than might be expected. 
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3.2 Materials and methods 
3.2.1 Markers and simulations 
A bracket here is defined as the region between two markers, distinct from a 
segment, the region between two junctions. Brackets will appear to consist of 
unbroken segments if the markers at either end derive from the same ancestral 
chromosome, but they may contain any number of junctions. Figure 3.1 illustrates 
the same set of chromosomes as figure 2.1, but with the addition of markers at the 
loci defined by vertical lines. The marker genotypes are shown below the 
chromosomes, where numbers indicate ancestral alleles. If junctions are inferred 
every time consecutive markers derive from distinct ancestral chromosomes, this 
marker map detects only 8 of the 14 haploid junctions present over the two 
chromosomes, and thus underestimates the actual number of junctions present. 
Simulations were performed similar in form to those described in the previous 
chapter, but with the addition of markers. Marker maps were either based on m 
equidistant markers on each chromosome, or obtained by generating a random array 
of marker locations. In the latter case, markers were placed at the two ends of the 
chromosome, with the remaining m - 2 at positions indicated by a random number 
drawn from U [0,1] for a 1.OM chromosome. The number of possible alleles at each 
locus was 2N, corresponding to the number of chromosomes in the founder 
population, with the marker haplotypes defined in the founders as {j, j, ... ,j} for the 
j th founder chromosome, where j = 1, ..., 2N. Thereafter, inheritance followed 
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directly from the sampling of gametes and recombinations as described in the 
previous chapter. 
For populations of size N = 2, 5, 10, 25, 50, simulations were performed with 
markers maps of B = 10, 20, 50, 100, 200 marker brackets, formed by m = B + 1 
markers including the markers at either end of the chromosome. Each combination of 
parameters was simulated over 1000 replicates, with each replicate proceeding until 
the population of 2N chromosomes was completely inbred. 
Figure 3.1: Internal and external junctions. 
The chromosomes are the same as in figure 2.1, with markers placed at the 
locations of the vertical lines. Marker haplotypes for a set of markers are 
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3.2.2 Observations 
At each generation of the simulations, for each chromosome, the location of 
junctions and the origins of the segments between them were recorded, as in the 
previous chapter. Marker genotypes were also recorded in each generation as the 
ancestral origin of each marker locus on all chromosomes. To estimate the number of 
junctions present from the marker map, brackets were classified as IBD if the 
markers at either end derived from the same ancestral chromosome, and non-IBD 
otherwise: The number of non-IBD brackets on any particular chromosome was 
taken as the number of junctions on that chromosome, and is equivalent to the 
number of times consecutive markers derived from distinct ancestral chromosomes. 
The number of junctions inferred from a given marker map were computed at each 
generation and compared to the actual number of junctions observed. 
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3.2.3 Predicted junction detection rates 
Separate predictions were made for the expected proportion of junctions detected 
using randomly spaced markers and for equi-distant markers, under the assumption 
that junctions were randomly and independently scattered over the chromosome. 
3.2.3.1 Randomly spaced markers. 
An inbred chromosome has J junctions and B marker brackets, formed by B + 1 
markers including one placed at each end of the chromosome but otherwise 
randomly distributed. The number of junctions we predict the marker map will detect 
will equal the number of brackets that contain one or more junctions. This is 
equivalent to the number of runs of one or more junctions in a randomly drawn 
sequence of Jjunctions and B - I markers (i.e. the number of groups of one or more 
junctions separated from each other by one or more markers). Thus, ignoring ends, a 
sequence with 4 internal markers (m) and 3 junctions (j)  given byjmmjjmm would be 
assumed to detect only two junctions. This would further underestimate the number 
of junctions when runs of length 2 or more result in the flanking markers coming 
from the same ancestral chromosome, resulting in no junctions being detected in that 
bracket. This error may be expected to diminish as B becomes large. Using results on 
theory of runs from Feller (1967), for a chromosome with L,junctions and B + 1 
markers (including one at each end), if ,JD represent the junctions detected, then: 
E[ 1D ]= Jc,B (Jc+B 1)-'  
Equation 3.1 
Var[ JD  ] E[ JD ] (J+B-l) 
Equation 3.2 
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The expected number of runs of two or more junctions provides an estimate of one 
component of the risk of missing junctions. This can be shown to equal E[JD](L,-
1)(J+B-2)' for randomly spaced markers and junctions. 
3.2.3.2 Equi-distant markers. 
Although detection of junctions for equi-distant markers still relies upon interpreting 
sequences like jmmjjmm, the markers are no longer spaced randomly, and the 
problem is equivalent to that of the classical occupancy problem described by Feller 
(1967). For a chromosome with a uniformly spaced marker map, the problem 
becomes one of observing the distribution of J junctions in B brackets of equal 
length, rather than looking at the order of two non-uniformly distributed sequences of 
markers and junctions. With J junctions in B brackets, Feller (1967) shows that as 
J0, and B become large, the distribution of unoccupied brackets will tend to a Poisson 
with mean Be, where 'y = Jc,IB, the ratio of junctions to brackets. Thus: 
E[JD] =B(1- e1') 
Equation 3.3 
Var[JD ]=Bel  
Equation 3.4 
The expected single occupancy is also approximated by Poisson with mean yBe', so 
the expected multiple occupancy for brackets defined by evenly spaced markers is 
B(l-(l+y)eT) 
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Predicted detection rates were compared to the actual proportion of junctions 
detected for randomly spaced marker maps of a given (average) density. For both 
random and equi-distant markers the moments given above, conditional on Jc, were 
made conditional on N using the approach described for segment lengths. 
3.2.3.3 Empirical predictions. 
Empirical predictions were made for JD,  the number of junctions detected on an 
inbred chromosome, for randomly distributed markers, based upon 1000 records 
comprising 40 replicates from each of the 25 combinations of brackets and 
population size described above. The prediction was made using generalised linear 
models, fitted using Genstat, with Poisson errors and a reciprocal link with a linear 
model based upon the form of expectations derived from the "theory of runs" model 
described above: 
E[JD] = a + b .J' + cB + d (B4 1 
Equation 3.5 
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3.3 Results 
3.3.1 Assessment of junctions using markers 
The detection of junctions using equidistantly spaced markers became less efficient 
as N increased for fixed B, and as B decreased for fixed N, as shown in figure 3.2. As 
marker density increased, the percentage of junctions detected increased towards 
100%, but at a slower rate for the larger population sizes. The lowest percentage of 
junctions detected in the final generation for all combinations of N and B was 9.7% 
for N = 50, B = 10, (markers spaced every 10cM). Even with marker spacing of 
0.5cM (B=200), the average percentage of junctions detected in an inbred population 
was as low as 66.9% for the parameters studied. 
The fraction of junctions present and detected declined over time (see figure 3.3). 
Whilst the percentage detected declined approximately linearly with F for B = 200, 
for lower values of B, this decrease was non-linear, with the efficiency of detection 
decreasing very rapidly over the initial stages of inbreeding, where the greatest 
change injunctions per generation occurred (see figure 2.3). 
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Figure 3.2: Percentage of junctions detected in inbred populations. 
Populations are of fixed size N, with equidistant markers forming B = 10, 20, 
50, 100, 200 brackets. Junctions are recorded where adjacent markers 
originate from distinct ancestral chromosomes (see Materials and Methods). 
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Figure 3.3: Percentages of junctions detected over time. 
Average junctions detected in a population of N=50 with various with various 
densities of marker maps at all stages of inbreeding. Markers are positioned 








014 0.6 0.8 1  
Ft 
Chapter 3: Junction detection using markers 62 
Detecting ancestral junctions in inbred populations 
The fraction of junctions detected when the populations were fully inbred is shown in 
figure 3.4 for both sets of marker distributions, random and equidistant. For 
randomly distributed markers it predicts that marker maps need to be 20-fold denser 
than junctions to achieve a 90% detection rate, 5 times as dense as might have been 
anticipated with the naïve assumptions which give result in the solid line in figure 
3.4: E[JD/4]='['(1-e). Even with informative equi-distant markers the markers 
required to be 2-fold denser than estimated from naïve assumptions. When marker 
density is random and of the same order as junction density only 40% of junctions 
may be detected. 
The Human HapMap project (International HapMap Consortium, 2003) states as one 
of its initial aims to characterise one SNP every 5kb across the genome. Assuming 
that 1cM 1Mb, this is equivalent to 200 markers per cM. Although the markers 
simulated here differ from SNPs in the number of alleles, examining these markers 
will provide an upper limit of the proportion of junctions that can be detected. In a 
relatively large population of N = 1000, J., = 2002, which is equivalent to 20 
junctions per cM. Performing 100 simulations of a chromosome of length 1cM with 
N = 1000 and 200 markers spaced across the chromosome at random detected 20.47 
junctions on average, an observed detection rate of 88.22%. For the parameters 
studied here, ' = 0. 1024, which is close to the value for N= 10, B = 200 in figure 3.3. 
In this population, with an expected value of 22 junctions, and 201 markers 
distributed randomly across the 1 .OM chromosome, the value for y is 0.11 and the 
percentage of junctions detected is 90.25%, implying that the proportion of junctions 
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detected is a function of y, the ratio of junctions to brackets over a particular length 
of chromosome, and does not depend on the length itself. 
Figure 3.4: Mean proportion of junctions detected 
For each simulated combination of B and N, for equidistant markers (open 
symbols) and randomly distributed markers (closed symbols), mean 
proportion detected is plotted against the bracket to junction ratio i.e. 1/7. The 
line represents the expected proportion for randomly distributed, fully 
identifiable junctions with equidistant markers i.e. E[JD/J0j = 11(1-e). Each 
point represents the mean of 5000 replicates. The dotted line represents a 
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3.3.2, Effectiveness of junction detection 
Table 3.1 shows the efficiency of junction detection for randomly distributed and 
equi-distant markers of varying densities, for N = 2 and N = 50 when the population 
was fully inbred with .Jjunctions. In the cases examined, the number of junctions 
observed when using randomly distributed markers was lower than for equi-distant 
markers. The expected relative efficiency of random to equidistant markers was 
(B+J-1)(1-e''. For small values of y,, this ratio will be approximately (1+'y)'. 
However in the most extreme case presented here B = 200, N = 50 (y = 0.51) the 
random markers did marginally better than predicted by this asymptotic ratio, with a 
relative efficiency compared to equi-distant of 88%. 
The number of junctions observed using the markers was much smaller than 
predicted (see figure 3.4). This difference was small when N = 2, but substantial 
when N = 50. In the latter case, only -82% of the expected number were detected 
when B = 200; these correspond to -68% and --56% of the actual number of 
junctions present for equi-distant and random spacing respectively. 
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Table 3.1: Observed and expected junctions in inbred populations 
For populations of size N=2 and N=50, where markers are either randomly 
distributed over the chromosome or placed at equidistant intervals. Observed 
values are means from 5000 replicates. Expectations assume a uniform 
distribution of junctions as described in the Materials and Methods. Standard 
errors of 0 vary between 0.02 and 0.04 for N=2 and 0.02 and 0.12 for N=50. 
N=2, E[J]= 6, N=50, E[J] =102, 
0bserveth5.97 Observed=1 02.05 
Random Equi-distant Random Equi-distant 
B E 0 E 0 E 0 E 0 
10 3.74 2.91 4.25 3.51 9.18 8.00 10.00 9.01 
20 4.56 3.79 4.99 4.40 16.82 14.07 19.85 16.60 
50 5.30 4.77 5.55 5.25 33.64 27.01 43.25 33.31 
100 5.61 5.28 5.75 5.57 50.52 40.54 63.60 50.27 
200 5.78 5.59 5.86 5.77 67.51 55.94 79.64 67.33 
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There are a number of reasons for the discrepancy between observed and expected 
values of JD  that were tested and will be exemplified by B = 200, N = 50, with an 
expected J of 102 and y = 0.51. Firstly the predictions may be poor given the 
assumptions made; but simple simulation of classical random occupancy, placing 
junctions distributed uniformly across a number of brackets, suggested an error of 
less than 0.1% for the parameters investigated here, which cannot account for 
difference between JD  and E[JD]  given by equation 3.3 for equidistant markers. 
Secondly, when multiple junctions occur within a bracket, there is a finite probability 
that the recombination events lead to both the markers that define the bracket 
originating from the same founder gamete and thus no junction is detected. Further 
analysis of the simulation results suggests that this accounts for approximately two-
thirds of the shortfall between JD and E[JD].  Approximately 8 brackets that contained 
junctions were missed for this reason, but this leaves a shortfall (statistically very 
significant) of approximately 4 brackets between JD  and E[JD],  which may be 
explained by greater multiplicity of junctions within brackets than predicted by a 
uniform distribution of junctions. 
For randomly distributed markers, similar conclusions can be drawn. The lower than 
expected detection can thus be explained by a combination of fewer brackets than 
expected containing junctions, due to a greater multiplicity of junctions within 
brackets than expected for randomness; and to a failure to identify junctions where 
they are present within brackets which appear to be inherited unbroken from a single 
founder chromosome. Those brackets that are classified "IBD" may not actually be 
derived intact from a single ancestral chromosome. This agrees with the observation 
of non-randomness of junction location reported in the previous chapter. 
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Empirical predictions using generalised linear models in Genstat are shown in table 
3.2. In all four models, all terms displayed were statistically significant, however the 
progression from I to IV was carried out with a view to parsimonious prediction, and 
dropping the terms changed the mean deviance only slightly. In Models I to III, the 
terms 1/B and 1/J were the primary terms in predicting JD;  however these models 
predict that not all junctions will be found even as B becomes very large. The term 
(BJ has rapidly diminishing influence as B and J become large. Model IV was 
fitted to provide a predictive model in which JD/J,, —+ 1 as B --> cc. Thus with Model 
IV, JD/L,, B/(B + 1.39.1cc) or 17(1 + 1.397), predicting that for J = 202, 
corresponding to N-400, approximately 2500 randomly distributed markers would 
be required to detect 90% of the junctions, i.e. 12.5 fold denser markers than 
junctions. At larger population sizes, 20 replicates with parameters N = 100, B = 
2500, (y=0.0808) on a chromosome of length I .OM resulted in a mean detection rate 
for junctions of 86% (s.e. 1%) in good agreement with Model IV. Note that value of 
' for these simulations (202/2500) is close to the value of 0.1024 described above, 
where 200 markers were placed along 1cM in a population of size N1000, and a 
similar percentage of junctions was detected. This confirms that the number of 
junctions detected is a function of the ratio of junctions to brackets in a particular 
section of chromosome, and is independent of the length of that particular segment. 
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This model can be applied to intermediate generations of inbreeding, by replacing J. 
with J,. E[J1] can be calculated for given values of N and F1 in such populations (see 
figure 2.3), and using model [V, it is possible to predict the number of these 
junctions we would expect to detect. The number of junctions we can expect to 
detect for a given marker map can be calculated by substituting 11  for J in 
calculating y for a randomly mating population. For populations with different 
histories, the approach of Chapman & Thompson (2002) can be followed to calculate 
E[J1 ] = H and the same substitution made for J. 
Table 3.2: Regression coefficients for terms in generalised linear models 
Terms used to predict JD.  Analytical model is described in Materials and 
Methods and equation(3.4). Model: I, full model; II, dropping term 1I(JcB); Ill, 





I/ill, 1/B 1I(JB) Deviance (d.f.) 
I 2.6 (0.3) 0.972 (0.017) 1.163 (0.025) 4.238 (0.799) 0.338 (996) 
II 1.5 (0.3) 1.035 (0.014) 1.256 (0.019) - 0.347 (997) 
III - 1.081 (0.011) 1.307 (0,017) - 0.357 (998) 
IV - 1 1.394 (0.013) - 0.376 (999) 
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3.4 Discussion 
If junctions and markers are both distributed uniformly across a chromosome, the 
expected distribution of runs of junctions and occupancy of marker brackets can be 
easily calculated. The proportion of junctions detected for all populations 
investigated here was lower than these expectations would predict, which assume 
that junction locations are distributed uniformly. In all parameterisations studied, 
with random or equidistant markers, the extent of multiple occupancy of marker 
brackets by junctions was in excess of that expectation. For B = 200 equal-sized 
marker brackets and N=50, the excess multiple occupancy was 10% of the 
expectation. The number of marker brackets that contain one or more junctions is 
greater than that expected under a random distribution of markers. This is consistent 
with the observation of junction clustering in simulations reported in the previous 
chapter, and will lead to the underestimation of junction counts using a sparse map. 
For a bracket to be recorded as containing a junction, the markers at either end must 
derive from distinct ancestral chromosomes. In the simulated populations 
investigated here, it was easy to determine when this occurs as each marker 
originates unambiguously from a distinct chromosome in the founder population. In 
real populations, this may be complicated by markers in the current generation that 
are identical by state without necessarily being identical by descent. This is more 
likely to be a problem for microsatellite markers subject to recurrent mutation, rather 
SNPs, where the chance of such mutations is negligible. This problem does not occur 
with the idealised markers simulated here, but even so, the inference of one junction 
for one non-IBD bracket can significantly underestimate the number of junctions. 
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This occurs for two reasons: i) if J1>B, then at least one bracket will contain multiple 
junctions, of which only one junction will be recorded, ii) a bracket containing two 
or more junctions may, by chance, have markers from the same ancestral 
chromosome at either end, in which case none of the junctions will be recorded. This 
second discrepancy can be overcome with sufficient markers, to ensure that each 
junction is unique within a particular bracket. However, as the population size and/or 
the inbreeding coefficient of the population increases, J1 will increase, and the 
number of markers needed to detect all these junctions may be prohibitive. The 
maximum number of junctions that can be recorded on any chromosome is B. If .J>> 
B, then the marker map will inevitably underestimate the number of junctions present 
on the chromosome, even for a map of fully informative markers. If detecting all 
junctions in a given population is unfeasible, it would at least be useful to know how 
many markers would be needed to detect a given proportion, a, of the junctions 
present, say 90%. The circumstances considered here have developed a theoretical 
upper bound, shown in figure 3.4 in which the markers are assumed to be equidistant 
and fully informative, where the detection rate a is given by i'(lei')  for y = JIB. For 
the populations investigated here, the expected J at any time t is calculated as E[J1] = 
F(2N + 1) + 1. This predicts that for a detection rate of 90%, i.e. a = 0.9, B 5J. 
However the simulation data have shown that this is considerably optimistic. Models 
based on these data suggest that for randomly distributed markers a 1/(1+1.4y), 
equivalently B = 1.4.J1a/(1-a), and a 90% detection rate would require B 12.5J1. 
This can be seen from the dotted line in figure 3.4. The impact of this is the scale of 
marker maps needed to get a complete picture of a junction map. Consider the 
simulated population used by Zhang (2003) where a population of Ne= 10,000, was 
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inbred for 10,000 generations. In this case F1 0.4, giving E[J1] 8000 junctions per 
Morgan, hence -'13 junctions over the region of 0.17cM investigated. This suggests 
that at least 170 markers would be needed over this region to detect 90% of the 
junctions. The study of Zhang (2003) used 10 markers in this region and did not have 
the objective of defining junctions; nevertheless it demonstrates the difficulty of 
reliable extrapolation from such data. In practice the density of markers required to 
detect junctions will influence the reliability of tracking ancestral chromosome 
segments and thus potentially of locating functional polymorphisms that they 
contain. 
The assumptions underlying the expression B 12.5J1 for a = 0.9 are likely to be 
conservative when applied to real populations due to the strong assumption of 
perfectly informative markers. Although this will be partially offset by the ability to 
design a marker map that moves towards equi-distance, perfectly informative 
markers are unlikely in any real data set. However, the theory of junctions can be 
applied to artificially constructed populations where the assumption of fully 
informative markers is valid. One such population is the recombinant inbred line in 
mice, and the detection of junctions in such populations is investigated in the next 
chapter. 
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Chapter 4: Detecting junctions in Recombinant 
Inbred Lines 
4.1 Introduction 
In the previous chapter, results were presented regarding the inference of ancestral 
junctions from marker genotypes in inbred populations. The markers simulated in 
those populations were fully informative, with 2N alleles, so the ancestral origin of a 
particular chromosomal segment at any marker locus could be determined without 
ambiguity. In natural populations, microsatellite markers might have multiple alleles, 
but these are not usually sufficient to determine ancestral origin from a single 
marker. The most common polymorphisms encountered in natural populations are 
single nucleotide polymorphisms (SNPs). These are biallelic, so it is impossible to 
tell the ancestral origin of a particular chromosomal segment from a single marker 
alone, and multiple markers must be employed for this purpose. However, in certain 
sorts of artificially generated population, accurate inferences from single markers are 
possible. One such population is the mouse recombinant inbred line. 
Recombinant inbred lines (RILs) are mouse lines that have been formed by multiple 
generations of brother/sister mating between the offspring of a cross of two inbred 
parental lines (Taylor 1996). This mating pattern is repeated until the line is 
genetically uniform. Each mating of the Fl generation can potentially give rise to a 
distinct RIL and each RIL generated from the same parental lines will have different 
patterns of ancestral segments due to the unique pattern of recombinations and 
junction formations in its evolution. Once a line is fixed at all loci, it can be 
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perpetuated indefinitely by continued brother/sister mating. This makes such lines 
useful for mapping quantitative trait loci, as they are genetically identical, 
minimising the effect of genetic variation on the trait. The generation of RILs is 
illustrated in figure 4.1. In each RIL, the final generation is derived from the same 
parental cross, but has a unique pattern of ancestral segments. 
Figure 4.1 Generation of Recombinant Inbred Lines. 
The figure illustrates a single pair of homologous chromosomes in the 
parental and subsequent generations, with black and white being different 
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For RILs to be useful in QTL mapping, it is necessary to determine precisely their 
genetic makeup, and hence accurately locate the breakpoints between origins of 
distinct parental origin. These breakpoints correspond to junctions as defined by 
Fisher (1954), and described in previous chapters. In RILs, the founder population is 
the two individuals in the initial cross, and junctions are defined relative to this 
generation. These junctions mark the points where the ancestral origin of a 
chromosome switches from one parental line to the other, and genotyping markers 
that are polymorphic between the two parental lines can identify these junctions. 
RILs prove amenable to junction analysis, as the entire genome is fixed within each 
line, and with two possible origins at each locus, ancestral haplotypes can easily be 
determined using biallelic markers polymorphic between the parental lines. As RILs 
are entirely inbred, each diploid junction is internal type 1, and the number of such 
junctions across a homologous pair of chromosome equals the number of haploid 
junctions per chromosome. 
Marker data for several RILs are publicly available. One such dataset is at 
http://www.nervenet.org/papers/bxn.html. These data are described and analysed by 
Williams et al. (2001), who detail the use of several RILs to construct consensus 
maps for the analysis of complex traits in mice and detection of the QTL underlying 
them. The data consist of marker genotypes for all twenty chromosomes in 109 
separate inbred lines, derived from 5 distinct crosses between parental strains. 
Williams et al. report between 45 and 55 junctions in each line, and approximately 
5000 observed junctions in the entire dataset. However, they state that their marker 
map is not sufficiently dense to locate all junctions, and expect to miss —7% of them. 
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In this chapter, the microsatellite data described in Williams et al. (2001) are 
analysed in the context of Fisher's theory of junctions. Junctions counted from 
observed marker genotypes are compared to expected values based on theory and 
simulations. Differences between total observed junction numbers, and junctions 
observed per Morgan were investigated to determine the factors affecting the total 
number of junctions present in each line. 
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4.2 Materials and methods 
4.2.1 Line Crosses 
Genotype data from 109 recombinant inbred lines were analysed. Each RIL is 
derived from an initial cross of two parental lines, followed by multiple generations 
of sib mating. Data were available for five separate crosses among lines AIJ (A), 
C57BL/6 (B), BALC/c (C), DBAI2J (D) and C3WHeJ (H), with B common to all 
crosses. The 109 lines comprised 22 AxB, 19 BxA, 36 BxD, 19 BxFI and 13 CxB with 
the first letter designating the female parent in the initial cross. Williams et al. (2001) 
report two lines, BxA(9) and BxD(41), that were not genotyped at the time of 
publication, but for which limited genotype data were available in the dataset, and 
these lines are included in the analysis. The complete dataset also included sets of 
lines with correlated genotypes, resulting from shared ancestry before the lines were 
split. Two sets of two correlated lines were reported AxB(13)/AxB(14) and 
BxA(8)/BxA(17), along with one set of three lines, AxB(18)/AxB(19)/AxB(20). 
Sampson et al (1998) found a high degree of similarity within these sets, with over 
90% of markers having identical genotypes in each. Three sets of lines were 
examined, the first containing all lines listed in the dataset, the second a reduced set 
excluding BxA(9) and BxD(41), and a third set excluding these two lines in addition 
to all but one of each set of correlated lines. As there were no significant differences 
in the analysis however between these three sets, the results presented refer only to 
the complete dataset. 
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4.2.2 Marker data and junction counts 
The entire set of marker locations and genotypes reported in Williams et al were 
obtained from http://www.nervenet.org/papers/bxn.html, with marker locations taken 
from the BxN column of the dataset. 1575 microsatellites were genotyped in at least 
one of the crosses, with —500 markers purportedly typed across all five lines. A 
somewhat smaller value of 262 markers actually had genotypes reported over all 
lines investigated (excluding BxA(9) and BxD(41) ) but this was still considerably 
larger than the set of markers that had previously been genotyped over all five 
crosses. 
For each RIL and for each chromosome, a marker contributed to the total if an 
unambiguous genotype was present in the data, so any untyped markers and non-
fixed markers were excluded from the analysis. The length of the portion of each 
chromosome examined was taken as the distance (in Morgans) between the first and 
last contributing marker for that chromosome. The number of contributing markers 
varied from 82 over 0.955M on chromosome 1 in some lines of the BxD cross to 5 
markers over 0.460M on chromosome 10 of BxD(41). The marker density ranged 
from 10.88 to 107.86 markers per Morgan, averaging 66.46 over all chromosomes. In 
total, 1575 markers were genotyped in at least one cross, with the actual number of 
markers genotyped per line ranging from 934 markers over 12.93M in several of the 
BxA lines to 272 markers over 11.37M in BxD(41). Figure 4.2 shows an example of 
the data for line AxB(1). 
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Observed junction counts were computed from the series of marker genotypes along 
a chromosome as detailed in the previous chapter. Briefly, a sequence of the type 
XXYYXY, where X and Y are two distinct alleles present in the two parental lines, in 
interpreted parsimoniously as having 3 junctions. The total number of junctions on 
each chromosome is equivalent to the number of times consecutive markers derive 
from distinct ancestral strains. The number of distinct segments on a chromosome 
was the number of recorded junctions+1. For example, in figure 4.2, 3 junctions 
would be recorded on chromosome 1, 3 on chromosome 2, etc. with a total of 45 
recorded junctions across the line AxB(1). 
As noted by Williams et al. (2001), several markers remained heterozygous in the 
RILs, and others were found in this analysis, particularly in the BxH lines. 
Chromosomes with a single heterozygous marker, H, were interpreted as having one 
junction, justified as follows. If X and Y are markers homozygous for one or other 
parent, then 1 junction was scored for the sequence XHY, since the two chromosomes 
would be XXY and XYY, then when fixed there will be one junction at fixation 
(possibly more if junctions form in the small heterozygous region between the two 
fixed junctions). If a heterozygous marker falls between two markers homozygous 
for the same origin, such as XHX there are two junctions on one chromosome, XYX, 
and none on the other, XXX, giving an average of one junction per chromosome, 
although the number at fixation may vary from 0 to 2 (or more). Most heterozygous 
markers fell between markers fixed for distinct parental lines, XHY, which are more 
likely to reflect the ultimate outcome at fixation. Consecutive heterozygous markers 
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were observed in less than 1% of the chromosomes examined, and such cases were 
treated as having a single heterozygous marker as detailed above. 
Figure 4.2. Marker genotypes in the AxB(1) line. 
Each horizontal line represents one chromosome from 1 to 20 (X). Symbols 
are placed at locations of informative markers for this line, with closed 
squares representing markers derived from line B, and open circles those 
derived from line A. 
10 20 30 40 50 60 70 80 90 100 110 
LOCATION (CM) 
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4.2.3 Expected junctions 
Applying the methodology of Stam (1980) to initially inbred populations, calculating 
J as H gives a total of 2N junctions per Morgan at inbreeding, starting from a 
population of inbred individuals, two junctions fewer than an initially outbred 
population of the same size. This can be confirmed by substituting H0 = 0 and K0 = 1 
into equation 2.6 (see appendix 1). RILs start from a founder population of N = 2 
inbred individuals, which gives a final expectation of 4 junctions per Morgan 
according to equation 2.6. As each individual within an RIL is completely inbred, the 
number of haploid junctions counted on one chromosome is equivalent to the number 
of internal type I junctions over the homologous chromosome pair. 
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4.2.4 Simulations 
Simulations were performed to confirm and extend theoretical results, and provide 
expectations for the efficiency of junction locations under various hypotheses 
conditional on marker spacing. These simulations were similar to those described in 
the previous chapter. Briefly, inbred populations of size N (2N chromosomes) were 
allowed to mate randomly, with selfing excluded, until the population was 
completely inbred. Recombination was at random, with the number of 
recombinations at each meiosis determined by sampling from a Poisson distribution 
with parameter L, the length of the chromosome in Morgan. Crossover locations 
were determined by a random number drawn from U[O, 1], multiplied by L. 
To reflect RILs, populations of size N = 2 were simulated, with each initial 
individual consisting of an identical pair of chromosomes, distinct from the other 
founder. The number of junctions in the final generation of each RIL was recorded, 
and divided by the total chromosome length to give an estimate of the junction 
density per Morgan. Simulations of the X chromosome were also performed by 
modifying the program to record the sexes of individuals. Sampling of chromosomes 
was modified accordingly, and recombination only occurred in females. One male 
and one female were simulated at each generation, and these simulations were run 
until all three X chromosomes in the population were identical. 
To supplement the observed junction count from the marker genotypes, simulations 
were carried out with chromosome lengths and marker maps corresponding to those 
observed in each RIL. This allowed estimation of the numbers of junctions that 
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would be detected in each line according to the model underlying the simulations, 
and calculation of the proportion of such junctions a given marker map would be 
expected to detect.. The ratio of observed actual junction number in each simulation 
was calculated and used as a correction factor in subsequent analyses. The correction 
factor for each chromosome was calculated as the ratio of the total junctions detected 
to the actual number present over 1000 simulations of each chromosome in all lines. 
This was repeated for markers distributed randomly within the same length for each 
line and chromosome, with markers being re-drawn in each replicate. 
Simulations were repeated for 3 distinct sets of markers to relate the findings to 
previous studies, and to study the effect of marker density on the proportion of 
junctions observed. In these simulations the set of markers were assumed common to 
all lines, unlike those described above in which the marker sets simulated the 
experiment as observed with marker maps specific to an individual chromosome. 
The three different sets of markers over the 19 autosomes were based upon: (i) the 
set of 256 markers (excluding the 6 markers on the X chromosome) with recorded 
genotypes for all the RIL with the exception of BxA(9) and BxD(41), covering 10.65 
Morgans at a density of 0.25 markers/cM; (ii) a set of 453 markers ostensibly typed 
in all lines, which includes the markers for which genotypes are not available even 
though typed covering 12.69M at a density of 0.35 markers/cM; and (iii) the set of 
936 markers typed in AxB(1) covering 12.97M at a density of 0.72 markers/cM, 
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4.2.5 Models and Analysis 
Factors affecting the total number of observed junctions in a single line were 
investigated using general linear models. Segments rather than junction counts were 
analysed due to the large number of chromosomes where no junctions were recoded. 
A series of power transformations (Box & Cox 1964) were initially performed on the 
data to determine the most suitable transformation to normalise the data. The optimal 
transformation was y with k = 0.35, but it was decided to use a logarithmic 
transformation for ease of interpretation (corresponding to A=0 in the Box-Cox 
model), since the transformation did not alter the qualitative significance of the 
sources of variation considered. Data were analysed using REML in Genstat to fit a 
linear mixed model for the observed junction/segment counts from the RIL dataset. 
The y-variate was the natural logarithm of the number of segments recorded on each 
chromosome i.e. J + 1 segments for a chromosome with Jjunctions. 
The natural logarithm of the number of observed segments (y) on autosomes (i.e. 
excluding the X chromosome) were analysed using a basic linear model of the 
following form: 
YUA. = A1 + B + (AB) + auk - )+ Vk + eiik  
where for chromosome j of line k from cross i: A is the effect of cross i, B is the 
effect of chromosome j, (AB) the interaction of chromosome with cross, v is the 
effect of line k i.e. the individual RTL, and a is the coefficients for regression on the 
logarithm of marker density (uuk)  respectively. The terms e{ jk were considered as 
normally distributed independent random errors with variance (Y'
2
. The interaction of 
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cross with chromosome and the effect of line were considered as independent, 
normally distributed random effects, while the remaining terms were considered as 
fixed effects. Marker density was included in the model as a measure of the power of 
junction detection. To allow for a more complex relationship between yijk and uUk  a 
smoothing spline (Verbyla et al. 1999) was also examined but ultimately excluded 
since, in this and all further analyses, the spline terms were not significant. The 
significances of the fixed and random terms were assessed using Wald tests and 
likelihood ratio tests respectively. Subsequent analyses replaced the marker density 
term with the log of the correction factor for each chromosome, determined by 
simulation as detailed above. 
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4.3 Results 
4.3.1 Expected junctions 
In an RJL, the founder population consists of two unrelated, but inbred individuals. 
For these conditions, N = 2, H0 = 0, K0 = 1, equation 2.6 predicts four junctions per 
Morgan in autosomes, and appendix 1 shows the expectation for the X chromosome 
to be 2/3 the value of the autosome. For each chromosome in the dataset, 1000 
simulations based on the observed chromosome length were performed. Over all of 
these simulations, the average density of junctions present in the final generation 
came to 4.004 per Morgan (s.e. 0.002). Simulating the evolution of the X 
chromosome in populations of size N = 2 gave an average value of 3.99 (s.e. 0.037) 
junctions per Morgan starting from an outbred population, and 2.68 (s.e. 0.021) for 
an inbred population, each case being 2/3  the expected value for the autosomes (6 and 
4 respectively). 
4.3.2 Recorded junctions 
Over 19 autosomes in 109 RILs, a total of 4869 junctions were recorded, with a total 
marked length of 1397.6 Morgans, corresponding to an average density of 3.48 
detected junctions per Morgan across the 2071 chromosomes. For the X 
chromosome, 137 junctions were recorded over 80.14 Morgans, at an average 
density of 1.71 detected across 109 chromosomes. These detected junctions 
correspond to 87% and 64% of expected values respectively. 
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Figure 4.3 shows the average number of junctions recorded on each chromosome 
plotted against covered chromosome length for each autosome As expected, the total 
number of junctions recorded increases linearly with chromosome length. This can 
be seen from the lower line. The upper line plots observed junction density (per 
Morgan) rather than junction count. The gradient of this line is not significantly 
different from zero, implying that recorded junction density is independent of 
chromosome length. This confirms the result in the previous chapter, that detection 
rate a depends only on y,  the ratio of junctions to brackets within a given length of 
chromosome, and does not depend on the length itself, and allows the analyses 
developed in that chapter to be applied to RILs. 
Figure 4.3. Average observed junction counts per chromosome 
Open circles are counts per chromosome, closed squares are junctions per 
Morgan. Average values for 19 autosomes taken over 109 RILs of the 
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Total lengths of the maps do not vary significantly over the 109 lines, so the 
expected junction counts are relatively clustered. However, the observed junctions 
vary from 23 in BxHD(1), an average density of 1.81 per Morgan to 74 in BxA(8), 
5.72 per Morgan, and an average of 3.48 junctions per Morgan over all lines. 
Interestingly, the line with the fewest markers genotyped, BxD(4 1) did not have the 
lowest density of recorded markers, with an average of 2.90 junctions detected per 
Morgan in this line. This suggests that while marker density does have an effect on 
junction detection rate, it is not the only factor that influences the total observed 
count, and there may be differences between lines and/or crosses in the number of 
junctions recorded per line. Figure 4.4 shows the distribution of junctions per line 
and per Morgan over all 109 lines genotyped in the marker map. Some of the 
variation in the number of junctions per line can be accounted for by differences in 
total map lengths between lines, as can be seen by comparing the distribution of 
junctions per line (upper figure) with that of junctions per Morgan (lower figure). 
In the previous chapter, an expression was derived for a, the proportion of junctions 
that would be expected to be detected on a chromosome with J junctions and B 
brackets, formed by M = B + 1 randomly spaced markers along the chromosome, a 
1/(I+1.4y), where y  is the expected number of junctions per bracket, JIB. This also 
allows an approximate calculation of the actual number of junctions, JA, on a 
chromosome given the number detected and an estimate for a, in that JA = Ala. 
Taking line AxB 1 as an example, there are 913 markers distributed over the 19 
autosomes, giving a total of 894 brackets. The total length covered by these markers 
is 12.94M, giving an expectation of 51.75 junctions, hence an expected value for y of 
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0.0579 and a of 0.925, which corresponds to E[JD] = 47.87, slightly higher than the 
observed JD  value for this line of 44. 
Figure 4.4: Distribution of junctions detected over 109 lines 
Upper figure is the total junctions detected per line. The Lower figure is per 
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4.3.3 Effect of marker density 
The effect of marker density on the proportion of junctions detected for simulated 
chromosomes is illustrated in table 4.1, which shows the average correction factor 
(ratio of detected to actual junctions over all chromosomes) using three different 
marker maps, as described in materials & methods. It can be seen that the proportion 
of junctions detected is dependent on the number of markers typed. The proportion 
of junctions detected for any particular chromosome increases with marker density to 
an average value of 0.832 for the densest marker set, AxB(l). Even with a marker 
density of 0.72 per cM, almost 17% of the 4 junctions per M that were present in the 
simulations were not detected by the marker map. Table 4.1 also shows the outcomes 
from simulations based upon the observed marker densities over 109 lines, compared 
to simulations using the same number of markers, but with their locations at random 
across each chromosome. Over these lines the average marker density was 0.65 
markers per cM, and with the observed marker map there was a probability of 0.812 
of detecting a junction, compared to the 0.832 for the most dense map observed with 
0.72 markers per cM. For 16 of the 19 chromosomes the randomly distributed 
markers performed better than the observed marker locations for detection, and 
overall the observed markers were poorer than random in the simulations. Random 
markers detected 0.830 of the junctions at a density of 0.65 markers per cM. Figure 
4.5 shows the relationships between marker density and detection for the 109 
simulated lines in more detail. 
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Table 4.1 The expected efficiency of junction detection. 
Efficiency derived for I) a single line and with 3 different marker sets of 
differing density: the set of 262 markers with an unambiguous genotype over 
all lines, the set of 432 purportedly genotyped in all crosses, and the 936 
markers genotyped in AxB(1)., ii) based upon the observed distribution in all 
109 lines where the set of markers correspond to those observed and to a 
similar number of markers randomly distributed. Also shown is the average 
length of marked chromosome. Standard errors are approximately 0.005. 
Averages are weighted over chromosomes according to their length. 
Single Line All 109 Lines 
Autosome Set 1 Set 2 Set 3 Observed Random Length 
1 0.526 0.633 0.852 0.824 0.847 0.957 
2 0.604 0.698 0.809 0.791 0.825 0.958 
3 0.638 0.734 0.872 0.823 0.819 0.765 
4 0.751 0.792 0.867 0.838 0.827 0.779 
5 0.539 0.729 0.805 0.804 0.811 0.756 
6 0.720 0.765 0.832 0.811 0.842 0.717 
7 0.628 0.692 0.862 0.833 0.866 0.711 
8 0.740 0.793 0.835 0.812 0.839 0.611 
9 0.779 0.819 0.870 0.851 0.876 0.507 
10 0.592 0.637 0.730 0.756 0.805 0.626 
11 0.643 0.742 0.830 0.811 0.849 0.761 
12 0.441 0.712 0.844 0.815 0.827 0.632 
13 0.620 0.749 0.835 0.816 0.817 0.660 
14 0.553 0.701 0.829 0.807 0.835 0.528 
15 0.562 0.671 0.809 0.807 0.828 0.593 
16 0.635 0.653 0.816 0.787 0.795 0.637 
17 0.712 0.751 0.845 0.831 0.845 0.592 
18 0.602 0.73 0.812 0.802 0.789 0.538 
19 0.546 0.781 0.848 0.818 0.832 0.496 
Average 0.623 0.725 0.832 0.812 0.830 0.675 
Markers/cM 0.22 0.35 0.72 0.65 0.65 
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Figure 4.5: Relationship between marker density and proportion of junctions 
detected. 
Simulations were run for 2071 chromosomes, 19 autosomes in 109 lines. 
Observed data is from marker maps based on the observed distribution of 
markers on each chromosome (open circles) and the same number of 
markers on each chromosome distributed at random (black crosses) 
1- 
0.8 







0 20 40 60 80 
Markers per Morgan 
100 120 
Chapter 4: Detecting junctions in RILs 92 
Detecting ancestral junctions in inbred populations 
Under the assumption of 4 junctions per Morgan the expected number of junctions 
on autosomes across all 109 lines is 5590. The total number of observed marker 
brackets was 90898, giving a value for y  of 0.0615, and u = 0.921. This implies that 
that 92.1% of the expected 5590 junctions would have been detected, i.e. 5147, 
somewhat larger than the observed number of 4869. Table 4.1 showed that with the 
parameters associated with the RTL the junction detection would have been much 
poorer. Simulations based on actual junction locations gave a detection rate of 0.812. 
Assuming this rate, and an expectation of 4 junctions per Morgan, E[JD] = 
5590*0.8 12, giving a value of 4539, which is substantially lower than the observed 
4869. There are two possible reasons for this discrepancy, either the detection rate of 
0.812 is incorrect, or the expected density of 4 junctions per Morgan is incorrect. As 
the value of 0.812 is based on simulations with an underlying model that gives an 
outcome of 4 junctions/Morgan, an actual value larger than this would explain the 
difference. Taking the value of 0.812 to be accurate, then the observed value of 4869 
junctions is the E[JD]  which corresponds to an actual junction count of 5996, 
corresponding to an average junction density of 4.29 per Morgan, slightly higher 
than expected. 
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4.3.4 Analyses 
Analyses using linear models sought to investigate the factors that cause significant 
variation in the number of junctions detected in recombinant inbred lines. The 
geometric mean number of segments over all autosomes obtained from the model 
was 3.09 segments per autosome (less than the observed arithmetic mean of 3.49), 
with an estimated CV of 0.54. On the log scale, both line and the interaction between 
cross and chromosome were significant sources of variation contributing 2.2% (s.e. 
1.0%; P<0.01) and 2.3% (s.e. 1.1%; P<0.01) respectively. 
Table 4.2 shows the predicted means for the autosomes from the model, adjusted to a 
common marker density of 0.65 markers per cM. The estimates range from 0.824 to 
1.371 on the log scale for chromosomes 9 and 2 respectively, indicative of 1.73 - 
fold more segments. Figure 4.6 shows the empirical relationship with the length of 
marked chromosome. The estimates of segment number differed by as much as 16% 
among the crosses (P<0.01, see table 4.3) with BxD and CxB having the lowest and 
highest estimates respectively. The reciprocal crosses also differed by 0.130 (s.e. 
0.045), with BxA having 14% more junctions observed than AxB. 
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Table 4.2: Estimates of chromosome effects on junction count. 
Estimates of mean natural log of segment number for each chromosome, 
and the corresponding geometric mean. Estimates were made at a common 





















Segments s.c. Geometric Mean Length 
1.340 0.053 3.819 0.957 
1.377 0,052 3.963 0.958 
1.226 0.053 3.408 0.765 
1.236 0.052 3.442 0.779 
1.211 0.054 3.357 0.756 
1.052 0.052 2.863 0.717 
1.081 0.057 2.948 0.711 
0.996 0.052 2.707 0.611 
0.806 0.060 2.239 0.507 
1.259 0.055 3.522 0.626 
1.240 0.052 3.456 0.761 
1.077 0.052 2.936 0.632 
1.117 0.053 3.056 0.660 
0.996 0.052 2.707 0.528 
1.057 0.052 2.878 0.593 
1.053 0.057 2.866 0.637 
1.170 0.052 3.222 0.592 
1.162 0.058 3.196 0.538 
1.101 0.052 3.007 0.496 
Table 4.3. Estimated cross effects 
Estimates of the effects of cross on the number of segments observed, 
averaged over chromosomes at a marker density of 0.65 per cM. 
Cross Geometric Mean 
AxB 1.063 0.031 2.895 
BxA 1.193 0.033 3.297 
BxD 1.064 0.024 2.898 
BxH 1.142 0.036 3.133 
CxB 1.210 0.040 3.353 
Chapter 4: Detecting junctions in RILs 95 
Detecting ancestral junctions in inbred populations 
The regression coefficient on marker density was 0.207 (s.e. 0.081; P<0.05), 
suggesting that an increase 10% more markers per cM would result in only 2% more 
segments being observed, which is in reasonable agreement with the outcome of the 
simulations in table 4.1. The use of the correction factor taken from the simulations 
did not improve the model, although the regression was significant (P<0.05) with a 
coefficient Of 0.801 (s.e.0.398), consistent with an expectation of 1. The regression 
on chromosome length was 0.544 (s.e. 0.099) indicating that doubling the length of 
the chromosome by 10% would increase the expected number of segments observed 
by 5.3%. 
Figure 4.6 The relationship between the geometric mean of segment number 
for a chromosome and the chromosome length estimated at a common 
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4.4 Discussion 
Assuming a uniform recombination rate, theoretical analysis of junctions in RIL gave 
an expected density of 4 junctions per Morgan for an autosome, with precisely 2/3 
this number expected for the X-chromosome (see Appendix 1). The number of 
junctions detected were 3.48 and 1.71 junctions per Morgan for autosomes and X-
chromosomes respectively, achieved with average marker densities of 0.65 and 0.27 
markers per centiMorgan. Whilst previous predictions of the efficiency of junction 
detection were consistent with the theoretical analysis, simulations based on the 
observed marker map showed the potential junctions may be slightly denser than 
predicted, up to 4.29 junctions per Morgan. Analysis using mixed linear models 
showed a consistent effect of cross on the number of junctions detected with crosses 
varying by as much as 16%, and significant effects associated with individual lines 
within a cross, and individual chromosomes also forming small but still statistically 
significant sources of variation. 
It was shown in previous chapters that even a highly dense map of fully informative 
markers will fail to detect all junctions present on a given chromosome. In the case 
of RILs, there are only two possible ancestral origins for any locus, so excluding 
those junctions that bound segments at the ends of chromosomes, junctions will be 
missed in pairs where complete segments fall undetected within a bracket. Brackets 
are labelled IBD or non-IBD depending on the status of the markers at either end, 
and contribute 0 or 1 to the total junction count respectively. However, the actual 
number of junctions present may be any even number within an IBD bracket, or any 
odd number within a non-1131) bracket, so several junctions will be missed with a 
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sufficiently sparse map. Some of the difference may be accounted for by clustering 
of junctions. In the previous two chapters, clustered junctions were observed in 
inbred lines derived from initially outbred populations, and similar patterns are 
observed in simulated RILs. This clustering will occur whether recombination is at 
random or clustered in hotspots, and will lead to junctions being missed by marker 
maps, where multiple junctions occur within such brackets. 
It has been shown that the density of marker maps does indeed affect the proportion 
of markers detected (see figure 4.5 and table 4.1). This has been demonstrated using 
simulation studies based on the model underlying the calculation of the expected 
values. The average value of a, the proportion of junctions detected over all the 
simulations is -0.812 which would correspond to a JD  value of 3.28 junctions 
detected per Morgan, assuming a JA value of 4. To investigate this phenomenon 
further in actual RILs, marker maps of higher density are required. SNP maps 
provide this opportunity, for example: http://www.well.ox.ac.uk/mouse/INBREDS/  
and these data should be able to confirm and refine the locations of junctions 
identified from microsatellite maps in RILs. 
One feature that unlikely to be affected by marker density is the effect that cross had 
on the number of junctions observed. This differed by as much as 16%, with the 
reciprocal crosses, AxB and BxA, differing by up to 14%. This appears to be evidence 
for genetic variation in junction formation, perhaps due to differing crossover 
frequencies for a given physical distance. Such variation is known between species 
and between sexes within species, with recombination maps having clearly different 
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lengths, and has also been reported between different inbred strains of mice (Koehler 
et al. 2002). There is also additional evidence for genetic variation with lines within 
a cross accounting for 2 to 3% of the total phenotypic variance within crosses. This 
raises the possibility that RILs could be used to map QTL controlling the number of 
detected junctions. This is investigated further in the next chapter. 
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Chapter 5: Mapping QTL for junction formation 
in Recombinant Inbred Lines 
5.1 Introduction 
The analysis of total junction counts across multiple recombinant inbred lines 
presented in the previous chapter, found significant differences between crosses, 
suggesting that junction formation may be under some degree of genetic control. 
Previous studies (Koehler et al. 2002) have found differences in the number of 
recombination events at meioses between inbred lines, including between lines A and 
B. If the observed junction count in an RIL is under genetic control, as the significant 
effect of cross in the previous chapter indicates, then QTL that influence this trait are 
likely to be segregating within RILs. In this chapter, methods to map such putative 
QTL are investigated. 
The trait under investigation is the number of observed junctions over 19 autosomes 
in a recombinant inbred mouse line. Theoretical analyses presented in the previous 
chapter gave an expectation of 4 junctions per Morgan in an autosome of an RIL. 
The observed detection rate from simulation studies suggest that this number may be 
a slight underestimate of the actual junction density, but for the purposes of this 
analysis, the actual junction density is of less interest that the recorded density. Any 
QTL that are segregating will influence junction formation after the Fl generation. 
No junctions are present in the gametes that go to form the Fl, as the parental lines 
are entirely inbred, but the gametes that go to form the F2 generation are expected to 
have 1 junction/Morgan, as H1 = 1. This is unaffected by genetic variation, as all F 1 
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individuals are uniformly heterozygote (see figure 4.1). Junctions will continue to 
form at a rate proportional to H1 over subsequent generations, with an extra 3 
junctions per Morgan formed after Fl expected to go to fixation in the final RIL. It is 
this period, between Fl and fixation, where any variation between junction counts 
per line will be expressed. 
In this chapter, QTL for observed junction counts are investigated. Markers common 
to 107 of the lines examined in the previous chapter are tested for significant effects 
on the overall observed junction count per line, and per chromosome. No definitive 
evidence for the existence of such QTL is found in the data analysed. 
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5.2 Materials and methods 
5.2.1 Marker maps 
The data analysed in this chapter are a subset of the marker genotypes described in 
Williams et al. (2001), and examined in detail in the previous chapter. To allow data 
from multiple lines to be combined easily, and to remove the effect of variation in 
marker density on the number of junctions detected, the markers used here are those 
which have an unambiguous genotype across all RILs in the data examined in the 
previous chapter with the exception of lines BxA(9) and BxD(41). 
Although over 1500 markers had been genotyped in at least one line, only 453 
markers were purportedly typed across all five crosses. Of these, some markers were 
untyped in specific lines, and more were still heterozygous, leaving only 27 markers 
with an unambiguous genotype over 109 lines. A significant proportion of the 
untyped markers come from lines BxA(9) and BxD(41), which had only 139 and 153 
markers genotyped respectively. Excluding these two lines from the analysis, and 
using the markers with unambiguous genotypes in the remaining 107 lines gave a 
total of 262 markers corresponding to the common set of markers described in the 
previous chapter. Excluding the 6 markers of the X chromosome, gives the set of 256 
markers that are examined across 107 lines in this chapter. The details of this map 
are given in table 5. 1, which compares the marker density on the common map used 
here with the values from the full map. Figure 5.1 shows the locations of the 
common markers, and ancestral origins for line AxB 1. The relative sparsity of the 
common map can be observed by comparing figure 5.1 with figure 4.1. 
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Junctions were counted in each line as in the previous chapters using the common 
map. The total number of junctions on a chromosome is the number of times 
consecutive markers on that chromosome derive from different parental lines. 
Table 5.1 Details of the common marker map. 
Lengths of chromosomes in Morgans, with marker density recorded as 
markers per cM. Values for the full map are averaged over all 107 lines 
analysed. 
COMMON FULL 
CHROM LEN (M) NM DENS LEN (M) NM DENS 
1 0.942 24 0.255 0.957 72.31 0.756 
2 0.918 26 0.283 0.959 60.16 0.627 
3 0.554 16 0.289 0.767 46.23 0.603 
4 0.794 21 0.265 0.780 49.76 0.638 
5 0.700 9 0.129 0.756 43.38 0.574 
6 0.646 17 0.263 0.717 51.78 0.723 
7 0.490 14 0.286 0.714 64.53 0.904 
8 0.518 19 0.367 0.613 43.17 0.705 
9 0.481 18 0.375 0.507 49.73 0.981 
10 0.309 5 0.162 0.627 35.25 0.562 
11 0.713 13 0.182 0.762 56.50 0.742 
12 0.452 10 0.221 0.633 40.43 0.639 
13 0.610 7 0.115 0.661 39.78 0.602 
14 0.522 6 0.115 0.528 35.77 0.677 
15 0.595 9 0.151 0.593 37.30 0.629 
16 0.619 11 0.178 0.638 32.94 0.516 
17 0.565 13 0.23 0.593 43.08 0.726 
18 0.510 8 0.157 0.540 27.38 0.507 
19 0.484 10 0.207 0.497 32.70 0.658 
TOT 11.42 256 0.224 12.84 862.21 0.672 
Chapter 5: Mapping QTLforjunctions in RJLs 103 
Detecting ancestraijunctions in inbred populations 
Figure 5.1 Marker genotypes for AxB1. 
Locations of common makers shown for each chromosome, and origins for 
AxB1, as with figure 4.1, open circles derive from line A, closed squares from 
tine B. 
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5.2.2 Analyses 
The data analysed were the total number of segments recorded across all 19 
autosomes in each line using the common marker map, as described above. The total 
number of recorded segments equals the number of recorded junctions plus 19. 
For each marker in the common dataset, cross origin (one of five) and marker 
genotype (one of two parental lines) were fitted as factors in the regression on 
segment count. Three separate tests for the significance of each marker were 
performed: 
the effect of each marker on the total junction count, with (1,97) degrees of 
freedom, with the test statistic calculated as (SSQm/Vm)I(SSQr/Vr) 
the marker/cross interaction effect, with (4,97) degrees of freedom, 
(SSQi/Vi)/(SSQr)/Vr 
the marker + cross effect, with (5,97) degrees of freedom, 
{(SSQm+S SQ1)/(v1 + v) } /(SSQr/Vr) 
where SSQm, SSQ and SSQr are the sums of squares due to marker, marker/cross 
interaction and residual effects respectively, with Vm, v1 and Vr being the associated 
degrees of freedom across the 107 lines. 
Analyses were performed on a per line and a per chromosome basis, the former using 
the total junction counts across the whole line as the phenotype and using all 256 
markers to perform a genome wide scan, the latter using the junction counts on a 
particular chromosome and only regressing markers on that chromosome in a test for 
cis-acting QTL. 
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5.2.3 Significance thresholds 
5.2.3.1 Bonferroni 
Bonferroni thresholds were calculated at for p = 0.05 as 0.05/256. Bonferroni 
thresholds are only correctly used on multiple independent tests, and may not be 
entirely appropriate for the non-independent tests that occur with linked markers on a 
chromosome. However, it was felt that these Bonferroni thresholds would provide a 
conservative estimate of significance, and that any markers with significant effects 
declared at this level could be noted as areas of potential interest. The same 
thresholds were used for per line and per chromosome analysis as the total number of 
tests performed in each case was the same. 
5.2.3.2 Empirical thresholds 
Where the distribution of the test statistic under the null hypothesis is not known 
precisely, empirical significance thresholds can be calculated using the permutation 
method of Churchill & Doerge (1994). Junction counts per line were randomly 
permuted with respect to the marker genotypes, and the analyses detailed above 
performed for each permutation. The highest test statistic in each permutation was 
selected and empirical 5% thresholds were calculated as the 95th  percentile of the 
distribution of these statistics Empirical thresholds are calculated based on 5000 
permutations of the data. 
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5.2.3.3 False discovery rate 
The false discovery rate (FDR) is a different approach to the problem of multiple 
testing. While the two methods above seek to limit the probability of committing any 
type I errors across the entire series of tests, controlling the FDR seeks to limit the 
proportion of the total number of hypotheses declared significant that are false 
positives. FDR control was implemented using the method of Benjamini & Hochberg 
(1995), using a q*  value of 0.1. In this method, in tests are ordered by their p-values, 
so that P1< ... <P1 ... <P,,,. Then, starting with Pa,, compared mP1/i with the FDR 
thresholds, q*.  If  q* > mP1/i, then accept this hypothesis and proceed to Pm-1 . Repeat 
this to find k, the largest i for which q*  <— rnP1/i, then reject all hypotheses for i < k. 
Benjamini & Hochberg (1995) show that this technique controls the FDR at level q*. 
By this method, no more than q*  of the hypotheses declared significant will be false 
discoveries. 
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5.3 Results 
5.3.1 Junction count comparisons 
The common map reported a total of 3125 junctions reported over 2033 
chromosomes. compared to 4802 for the same chromosomes in the full set. These 
figures correspond to 2.56 and 3.49 junctions per Morgan respectively, with the 
common map detecting 27% fewer junctions. The microsatellite map used in the 
analysis here is considerable less dense than the map used in the previous chapter, as 
can be seen by comparing figure 5.1 with figure 4.2. As the marker map for each 
chromosome is a subset of the total markers in the full dataset, it is expected that this 
map would only detect a subset of the junctions recorded by the full map (which will 
itself be a subset of the actual junctions present). Simulations based on the common 
map investigated here were presented in the previous chapter. Table 4.1 shows the 
outcomes of those simulations, with the second column reporting the expected 
proportion of junctions detected as 0.623. This figure is somewhat less that the 0.812 
reported for the full marker map. 
The difference is further illustrated in figure 5.2 which compares the number of 
junctions reported per chromosome for the full and common marker maps. All of the 
points fall on or below the diagonal, as it is impossible to detect more junctions using 
a sparser map. It is worth noting that of the chromosomes that detect fewer junctions, 
more chromosomes miss even numbers of junctions than odd; see, for example the 
points at (0,2) and (3, 1), and more generally, following the line 2 junctions below the 
(x,y) diagonal. This is due to the common map missing entire segments within 
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brackets, which will results in the loss of two junctions at each occurrence. This is a 
peculiarity of using RILs, which only have two possible ancestral origins. Compare, 
for example, chromosome 7 in figure 5.1 with that in figure 4.2. An entire segment 
from line A is missed at the distal end of this chromosome using the common map, 
and hence the number of junctions reported on that chromosome using this map is 2 
fewer than that reported from the full map. 
Figure 5.2 Comparison of recorded junctions. 
Number of junctions (Nj) recorded per chromosome by markers in the 
common and full marker maps, described in the text. The area of the circle 
centred on each point is proportional to the number of chromosomes at that 
point. The dotted line is the regression line y = 0.557x —0.2 
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Figure 5.3 Comparisons of recorded junction density 
Junction density per Morgan (Nj/M) on chromosomes using the markers in 
the common and full marker maps. Regression line is y = 0.5863x + 0.509. 
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Figure 5.4 Distribution of recorded junctions per line. 
Junctions are recorded using the common map described in the text, and the 
frequency is measured over 107 lines. 
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5.3.2 Observed and expected counts 
Assuming a constant expectation of 4 junctions per Morgan across all lines, the 
expected number of junctions present on each line will be 45.68. The marker map is 
constant across all lines, so any effect of variation in length between lines can be 
ignored. The 256 markers distributed over 19 chromosomes form 237 marker 
brackets. These parameters give a value of y  of 0.192, and hence an expected 
detection rate a of 0.788, corresponding to an actual JD  value of 35.9. The mean 
number of junctions detected per line is 29.2, 28% lower than this expectation. This 
may be explained by the higher average bracket length in this map, making it more 
likely that multiple junctions will occur within a single bracket, and hence reduce the 
overall efficiency of the map at junction detection. The distribution of detected 
junctions per line is illustrated in figure 5.4. A similar distribution of junctions per 
Morgan would be identical in shape due to the constant length of the marker map 
across lines. 
If junction density is constant across all lines, then the expected number of junctions 
within any bracket on a given line would be proportional to its length, at a value of 
4L for a segment of length L Morgan. Given the particular rules for junction 
inference specified in the Methods section, any particular segment can only be 
recorded as containing "zero" or "one" junctions, and it is impossible to tell how 
many junctions are actually contained therein. However, as the common marker map 
is constant across all 107 lines examined here, it is possible to count the proportion 
of lines in which any particular segment is recorded as containing a junction. This 
proportion would be expected to equal 4L if all junctions were detected. However, as 
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junctions have a tendency to cluster even under models where random recombination 
is simulated, the actual expectation for junctions detected can be better approximated 
by assuming the proportion detected to be E[JD/J] = [1 (1- e'), (see chapter 2). To 
detect the expectation for one particular bracket, assume that J = 4L, and B = 1. 
Hence, y = 4L, and = 1/4L, so that the expectation for the number of junctions 
detected is E[JD] = (I-e-4). These values are illustrated in figure 5.5. The solid 
straight line is the proportion of lines where we would expect each bracket to contain 
a junction, 4L; the solid circles are the expectation for the proportion of lines where 
we would detect a junction, (1-e), with the crosses showing the actual proportion 
of lines in which a junction is recorded, which falls lower than the expectation for 
longer segments. 
Figure 5.5 Observed and expected junctions detected 
Proportions of lines where a bracket is recorded as containing a junction. For 
each of the 239 marker brackets involved in the analysis, bracket length is 
plotted against the proportion of lines in which that bracket is recorded as 
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5.3.3 Detecting significant markers 
For the per line analysis, the plots of test statistic and significance threshold along 
each chromosome for the whole genome and per line analysis are shown in figures 
5.6 and 5.7 respectively. Marker locations on each chromosome are indicated by 
crosses on the x axis. The negative logarithm of the test statistic for each marker is 
plotted against the marker's location, with significance thresholds are illustrated as 
horizontal lines. The solid horizontal line illustrates thresholds for Bonferroni and the 
dotted horizontal line the empirical threshold calculated as described in Materials and 
Methods. The Bonferroni threshold is always above that of the empirical one, 
reflecting the conservativeness of this test when applied to linked markers. FDR 
analysis was performed for each set of tests, but no tests in any of the analyses were 
declared significant at q* = 0.1. For each chromosome, three plots are shown, the 
effect of marker alone, marker/cross and marker + cross effects. Over all analyses, 
only one marker was declared significant on one test, D7M297 in the marker + cross 
test in the single chromosome analysis chromosome 7. 
Figure 5.6 QTL on junctions per line. 
Analysis results for tests on all data. The data analysed are recorded junction 
counts per line over 107 different RILs for 19 autosomes. For each figure, the 
location of each markers are shown by crosses along the x-axis. The y-axis 
plots the negative logarithm of the p-value for each test. The horizontal solid 
line represents a Bonferroni threshold for an overall significance threshold of 
0.05. The dotted line is an empirical significance threshold based on 10,000 
permutations of the entire dataset (further details in the text). The left column 
shows the effect of each individual marker, the central column the effect of 
the marker/cross interaction, and the right column the (cross + marker) effect. 
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Figure 5.7 Analysis results for per chromosome tests. 
The data analysed are junction counts per chromosome over 107 different 
RILs for 19 autosomes. For each figure, the location of each markers are 
shown by crosses along the x-axis. The y-axis plots the negative logarithm of 
the p-value for each test. The horizontal solid line represents a Bonferroni 
threshold for an overall significance threshold of 0.05. The dotted line is an 
empirical significance threshold based on 1000 permutations of each 
chromosome. The left column shows the effect of each individual marker, the 
central column the effect of the marker/cross interaction, and the right column 
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5.4 Discussion 
Previous analyses have shown that the number of junctions recorded in a specific 
recombinant inbred line is affected by the initial cross from which the line originates. 
Other factors that had an effect on the final count were the length of chromosomes 
studied and the density of marker map used to record the junctions. The cross effect 
suggests that the process of junction formation is under a degree of genetic control. If 
this is true, then QTL affecting junction count may be segregating in RILs. The aim 
of the analyses in this chapter was to attempt to detect such loci. 
To allow multiple RILs to be combined in a single analysis, and to eliminate the 
effect that variation in chromosome length and marker density had on the recorded 
junction types, the detected junction counts were based on a marker map that was 
common to all lines in the analysis. This map comprised 256 markers over 19 
autosomes, and was a subset of the markers analysed in chapter 4. Removing several 
markers from the analysis meant that the total junction count from the common map 
was lower than that from the full map, using all informative markers, 2.56 junctions 
recorded per Morgan compared to 3.49 for the comparable set of chromosomes in the 
full map. The differences between the two maps are further illustrated in figure 5.2 
and figure 5.3. Figure 5.4 shows that the actual detection rate per bracket is lower 
than might be expected, even taking into account the expression derived from model 
liv in chapter 2. This may be accounted for by greater than expected junction 
clustering in the larger brackets. These results reinforce the message presented 
elsewhere in this thesis that marker density is a crucial factor in junction detection, 
and imply that increasing the marker density beyond that present in the full map mat 
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lead to a larger number of junctions detected, and will certainly lead to a more 
accurate location for these junctions. Although the absolute marker numbers are 
somewhat lower, the analysis can still be performed on the common set, examining 
the effect of various factors on the number of junctions recorded using this set of 
markers. 
No evidence was found for any significant markers in the per line analysis, and in the 
per chromosome test, only one marker on chromosome 7, when looking at the cross 
+ marker effect. No other significant markers were found using this marker map. 
Increasing the FDR threshold may declare some regions significant, but with the 
concomitant increase in the proportion of false positives among these significant 
hypotheses, and as no regions were declared significant under the empirical 
threshold, any significant regions declared by this method are likely to be false. 
No marker on the common map was found to have significant effects on the per-line 
junction count. Significant effects of cross and marker density were observed over 
lines using the full marker map, and perhaps a more appropriate analysis would be to 
look at the observed junction counts from the full map, and investigate the effect of 
each marker on that count. The sparsity of the marker map examined here may have 
been a contributing factor in the lack of significant effects observed. From comparing 
the observed junction counts from the common map with those from the full map 
(for example figure 5.2) shows that the common map does underestimate the number 
of junctions present, by a greater degree than the full map examined in the previous 
chapter. 
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The aim of any QTL mapping experiment is to determine associations between 
marker genotypes and phenotypic values of the trait in question within the population 
studied. The null hypothesis of such a test against is that of no association. However, 
in this case, the phenotype of the trait is determined directly from the markers 
themselves. The distribution of the test statistic is not obvious here, so permutation 
tests were used to determine empirical thresholds for the significance of individual 
markers on junction counts. A marker that has a significant effect on junction counts 
would be expected to be at either end of a bracket reporting a junction more often 
than would be expected on average. Figure 5.5 shows that none of the brackets we 
actually observed were recorded as containing a junction in more lines than would be 
expected from 4 junctions per Morgan. 
Any putative QTL that has an effect on junction formation would be expected to be 
fixed in an RIL. However, if such a QTL effects junction formation, its effects will 
only be apparent in regions where variation is still segregating. Thus, cis effects are 
likely to be harder to observe than trans effects in terms of junction formation. QTL 
may still have an effect on the frequency of recombination events, but if these events 
do not lead to junction formation, their effects will not be detected by the methods 
used in this analysis. It would perhaps be illuminating to repeat this analysis with a 
higher density marker map, and a junction count that better reflects the actual 
junctions present. 
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Chapter 6: Discussion 
6.1 Summary of Results 
In the previous chapters, results were presented regarding junctions in inbred 
populations, the number expected in a given population, their distribution across 
chromosomes and their detection using markers. These results are reviewed here; and 
conclusions and possible future directions for the work are presented. 
Chapter 2 reviews the results of Stam (1980) and Chapman and Thompson (2003). It 
confirms by simulation the result first derived by Stam that for a population of 
constant size N, mating at random with the exclusion of selfing, that the expected 
number of distinct ancestral segments at inbreeding is 2(N+l)L + n, for a genome of 
L Morgan distributed over n homologous pairs of chromosomes, where the founder 
population is outbred and consists of 2N distinct haplotypes. This is equivalent to 
2(N+1) junctions per Morgan for each autosome. It can be shown (appendix 1) that 
this is an example of a more general expression, as the final number of junctions per 
Morgan can be given by: 
J. = 2(NK0 + H0 ) 
Equation 6.1 
Where H0 and K0  are the probabilities of two alleles selected at random being non-
1131) when taken from within one individual, and from two distinct individuals from 
the population respectively. The populations considered by Stam had initial values of 
H0 = K0 = 1, which gives a value of J = 2(N+ 1) upon substitution into equation 6.1. 
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It was further shown in chapter 2 that J,, the average number of junctions per Morgan 
at any time t, in a partially inbred population is linearly related to the inbreeding 
coefficient of the population, so that J, = (.J, - l)F, + 1, where J is the expected 
number of junctions at inbreeding, given by equation 6.1. This was shown by 
regression of .1, on F, (figure 2.3), and was proved analytically in Stam's appendix to 
MacLeod et al. (2005). 
If junctions are distributed uniformly along a chromosome, the lengths of the 
segments between them will conform to a 3 distribution (Waddington et al. 2000). 
Examining the distribution of segment lengths in simulated populations showed that 
the distribution does not conform exactly to the expected 3 distributions, but that 
extreme segment lengths are over-represented. This suggests that junctions tend to 
cluster together in certain areas of the genome. Such a distribution of junctions 
would in fact be expected, even with the random recombination modelled in the 
simulations. Although recombination is at random, junction formation is not, as 
junctions only occur at recombinations which are non-1131) at the site of crossing 
over. In randomly mating populations, some regions of the genome will become IBD 
before others, and in later generations heterogeneity will be concentrated in certain 
regions, and new junctions can only form in these regions. In such a scenario, longer 
segments will tend to become fixed earlier in a population's evolution, with shorter 
segments being fixed later. The observed time of segment fixation confirms this 
hypothesis (figure 2.7). In later generations of inbreeding, the pattern of junction 
distribution is such that there are regions where later-forming junctions are 
concentrated, and these regions are separated by longer segments of ancestral 
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chromosome that fixed early in the population's evolution. Such an observed pattern 
would also be consistent with a chromosome on which recombination hotspots are 
present, but as such patterns can be seen even with random recombination, their 
observation should not be taken as unequivocal evidence of the presence of hotspots. 
The efficiency of marker maps at detecting junctions was investigated in chapter 3. 
Results were presented regarding the detection of junctions in the populations 
simulated in chapter 2. Junctions were detected by markers placed along each 
chromosome. These simulated markers had 2N alleles, corresponding to the 
chromosomes in the founder generation, so that the ancestral origin of any marker 
could be determined unambiguously at any point in the population's evolution. 
Junctions were inferred from the marker map at each generation by recording one 
junction every time consecutive markers on a chromosome derive from a distinct 
founder chromosome. Even with a highly dense map of such fully informative 
markers, not all of the junctions present on any particular chromosome were 
detected. Analyses based on simulations where the actual and observed junction 
counts were known have shown that the detection rate for junctions on a 
chromosome depends on y,  the ratio of number of junctions to number of brackets on 
that chromosome, where a bracket is the region between two consecutive markers. 
The expected proportion of junctions detected was found to be approximately 
(1+1.471', where y = JIB. As expected given the observation of non-uniform 
distribution of junctions reported in chapter 2, this quantity is slightly less than the 
expected detection rate if both markers and junctions are distributed uniformly along 
the chromosome. Clustering of junctions increases the chances that multiple 
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junctions will occur within a single marker bracket, where not all of them will be 
detected. The effect of this clustering means that a highly dense map of markers will 
be needed to detect a significant proportion of the junctions present: to detect 90% of 
the junctions present, and a marker map with at least 13 times as many markers as 
there are junctions would be required. 
The theory of junctions was applied to recombinant inbred lines in chapter 4. 
Junctions were counted using observed marker genotypes from a number of 
microsatellites distributed across the chromosomes. RILs are generated from an 
initial population of two inbred parental lines, so that N = 2, K0 = 1 and H0 = 1. 
Substituting these values into equation 6.1. gives an expectation of 4 junctions per 
Morgan for an RLL, which was confirmed by simulations. This suggests that RILs 
may posses a slightly larger than expected number of junctions, =4.28 junctions per 
Morgan, compared to the expectation of 4.0. This may be as a result of obligate 
crossovers at meiosis, which would not conform to the Poisson model that the 
expectation is based upon. Further analysis on the number of junctions detected 
across lines showed "cross" and "line" to have significant effects in the number of 
junctions detected per chromosome across all lines analysed. 
Chapter 5 presents further analysis of the number of junctions detected in the RIL 
dataset examined in chapter 4, and attempted to identify regions of the genome with 
effects on the total number of junctions detected, by looking at a set of 256 common 
markers typed across 107 RILs, but nothing conclusive could be determined from 
this analysis 
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6.2 Junction detection and QTL mapping in outbred 
populations 
In population studies, "outbred" may be something of a misnomer, as most 
populations are at least partially inbred (F>O), but some populations have a higher 
degree of inbreeding than others. The populations of RILs are an extreme case of a 
completely inbred population that is maintained by sib mating, but other populations 
of interest will be only partially inbred, and such populations have proved useful for 
QTL mapping due to their low heterogeneity. 
In partially inbred populations, one potential application of junction theory is in QTL 
mapping. If a mutant QTL allele derives ultimately from a unique mutation event at 
some point in the population's history, then any copies of the mutant allele in the 
current population will be derived IBD from this initial mutation, and will carry with 
them segments of the ancestral chromosome where the mutation occurred. These are 
"segments" in the way the term has been used elsewhere in this thesis, i.e. the 
regions of chromosome between ancestral junctions. If the generation in which the 
initial mutation event occurred is considered the founder, then the process of refining 
the location of this QTL will be a case of identifying the location of the junctions at 
the end of the ancestral segments that carry the QTL. This is the basic idea of linkage 
disequilibrium mapping, formulated in terms of junctions. Markers on regions 
derived from the same ancestral chromosome will be in strong LD with each other, 
and with any QTL alleles derived from the same chromosome. 
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Similar approaches have been applied in RILs, but here regions of high LD are 
replaced with regions that derive from one or other of the parental lines, as the 
ancestral origin of any point on the genome can be from only these two. RILs have 
been useful in mapping QTL for many traits in mice, but this usefulness depends in 
part on the resolution with which junction locations can be determined. This depends 
in turn on the informativeness and density of the marker map used. The marker maps 
investigated in chapters 4 and 5 were relatively sparse microsatellite maps, and as 
such, there will be some ambiguity in the location of junctions. RILs have an 
advantage insofar as they are inbred lines that have been perpetuated for several 
generations, and several are already well characterised in terms of ancestral origin, 
but such a strategy could equally be applied to other populations, given sufficient 
markers. The microsatellite maps examined in chapters 4 and 5, might be considered 
such a first pass, but to resolve junction location further, maps of higher density must 
be used. If microsatellites are not available at sufficient densities, other types of 
markers must be used, such as single nucleotide polymorphisms. Studies in human 
populations, and increasingly in animals, use SNPs routinely, and for the theory of 
junctions to have applications in such populations, the effect of SNPs needs to be 
investigated. 
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6.3 Single nucleotide polymorphisms 
The simulation results presented in chapter 3 use idealised markers, where the 
ancestral origin of each marker can be detected unambiguously. Even within such 
populations, the proportion of junctions detected is lower than might be expected. As 
the properties of the markers used become nearer to those found in actual 
populations, this proportion will become lower still. Junctions are conceptual entities, 
and while they are based on an underlying biological process, their presence and 
location must be inferred from marker genotypes. Due to their abundance and 
relative ease of genotyping, the most common marker currently being analysed in 
human and other populations is the Single Nucleotide Polymorphism, or SNP. SNPs 
are, as their name suggests, markers polymorphic between individuals, which differ 
at a single nucleotide. SNPs originate at a single mutation event and are propagated 
through the population (Collins et al. 1999). Due to the negligible probability of a 
second mutation at the same site, SNPs only have two alleles. Compared to markers 
with multiple alleles, such as microsatellites, biallelic SNPs may contain less 
information, but their prevalence means that multi-marker haplotypes can be easily 
constructed. 
In a recombinant inbred line, there are only two possible origins for any particular 
chromosome segment, so SNPs are well suited for determining the ancestral origins 
of chromosome segments in such lines. The microsatellite maps of RILs examined in 
chapter 4 offer no advantage over a SNP map of a similar region, as they might in 
other populations. Indeed, SNP maps in RILs would have all of the advantages of 
abundance and ease of genotyping, but without the loss of information, as the 
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information content of SNPs and microsatellites is identical in these populations. 
High-density SNP maps are becoming available for mouse lines, and some initial 
data from such lines is presented at http://www.well.ox.ac.uk!mouse/INBREDS/. 
This dataset contains marker genotypes for more than 13,000 SNPs in 480 separate 
mouse lines. Data were downloaded from the site on May 
10th  2005 and a 
preliminary comparison made between junctions recorded by this SNP map and the 
microsatellites analysed in chapter 4. Although the SNP data are still under revision, 
and any inferences based upon them must be treated with the same caveat emptor 
given on the website, initial analysis suggests that overall junction counts from the 
SNP map are broadly in agreement with the numbers observed from the 
microsatellite map. Of the lines for which SNP data are available, 102 are also 
present in the microsatellite data analysed in chapters 4. Preliminary analysis of 
these lines indicate roughly similar total numbers of junctions detected over these 
lines. Several junctions in the SNP data were caused by single-marker segments, 
which are most likely due to marker location or genotyping error in the data. 
Removing such markers gave a total of 4851 junctions across 19 autosomes in 102 
lines for the SNP data, which is a little larger than the value of 4578 observed over 
the same chromosomes from the microsatellite data. The SNP maps would be 
expected to report more junctions, due to the increased density of markers available. 
The total junction counts over all chromosomes examined suggest broad agreement 
in numbers of junctions reported per chromosome between the two maps, with a 
slightly greater total for the SNP maps, as might be expected given the higher marker 
density. However, individual chromosomes were found to vary in the number of 
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junctions reported between the two datasets. The junction count per chromosome for 
these two sets are compared in figure 6.1. It can be seen that most of the data falls 
along the x = y diagonal: the observed junction counts matched in 1360 of the 1938 
chromosomes analysed, with 360 chromosomes reporting more junctions in the SNP 
map, and 218 reporting more in the microsatellite map. More junctions would be 
expected for SNP maps as the higher density of markers would detect some junctions 
missed by the sparser map. The chromosomes where the microsatellite map record 
more junctions are somewhat harder to explain. In the most extreme of these cases, 
chromosome 13 in line BxA(23), 7 junctions are observed from the microsatellite 
map, compared to 3 on the SNP map. The four extra junctions were caused by two 
small segments (consisting two markers each) on the microsatellite map, close to a 
junction between two large segments that was consistent across both maps. It is 
likely that these extra junctions are caused by errors in marker order in the 
microsatellite map. Whatever the distribution of markers along a chromosome, if 
markers are reported in the wrong order around the location of a junction, these 
markers are more likely to lead to "false" junctions. It is likely that this is happening 
in other regions of the microsatellite map, and this demonstrates the importance of an 
accurate marker map when inferring junction locations, as any errors in ordering can 
lead to false junctions being reported. Such events may also be occurring in the SNP 
map. Although an attempt was made to correct for this in the SNP data by removing 
all junctions contributed by segments consisting of a single marker, some errors are 
likely to remain. For example, the obvious outlier on figure 6.1 represents 
chromosome 16 in AxB(1), where 5 junctions were detected by the microsatellite 
map, compared to 17 for the (corrected) SNP count. Before correction for single 
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marker segments, the SNP map reported 69 junctions on this chromosome, most of 
which are due to errors in marker order and/or genotyping errors in AxB(1) or either 
of the parental lines. Even taking these into consideration, the number of junctions 
recorded by the SNP map was greater than might be expected given the 
microsatellite count. If errors in marker order around junctions report more false 
junctions, then more false junctions are likely on chromosomes with more actual 
junctions. This once again demonstrates the importance of correct marker order when 
inferring junction locations, and such inferences are likely to become more accurate 
in subsequent versions of the SNP map, where more of the errors will be removed. 
Figure 6.1. Comparison of junctions detected by Microsatellite (MICRO) and 
SNP marker maps. The area of each circle is proportional to the number of 
chromosomes at each point. The data displays junction counts for 1938 
chromosomes: 19 autosomes in 102 lines. 
Junctions per chromosome (MIRCO) 
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Possible errors notwithstanding, the observed junction density was 3.48 junctions per 
Morgan in the 1938 chromosomes from the microsatellite set. Marker locations in the 
SNP map are given in base-pairs, and were converted to cM using the estimates of 
chromosome length at the Jackson labs mouse genome informatics site, 
http://www.informaticsjax.org/mgihome/other/mouse—factsl.shtml. Such conversion 
gave an average junction density of 3.03 junctions per Morgan, somewhat less than 
the expected value, and less than observed in the microsatellite map. With an 
expected value of 4 junctions per Morgan, the total junctions present over 1938 
chromosomes would be 6399, giving a detection rate of 0.740 based on the 4851 
observed junctions. This is a rate lower than expected given a marker density of 4.62 
per cM, approximately 100 times the expected density of junctions. The lower 
junction density on the SNIP map is mostly due to the increased length of 
chromosome covered. 
In RILs, there is no advantage in terms of information content to using 
microsatellites over SNIPs, as there are only two possible origins for any locus. The 
simulations presented in chapter 3, used fully informative markers with 2N alleles 
each corresponding to one ancestral chromosome. The origin of a marker at any 
generation, and thus the ancestral segment it was present upon, could be determined 
unambiguously. In real populations, such markers are rare, and the number of alleles 
is usually substantially less than the number of ancestral chromosomes. SNPs are an 
extreme case, with only two alleles, and it is impossible to determine the ancestral 
origin of a chromosome in an outbred population other than an RIL, using a single 
SNIP. To do this, more alleles or more markers are necessary. More alleles can be 
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provided by microsatellites, but the number of possible alleles for a single marker 
will still be limited. However, an easier way of increasing the effective number of 
alleles is to consider multiple linked markers simultaneously, and examine the 
haplotypes they form. T he density and ubiquity of SNPs make them particularly 
amenable for this purpose. 
In a large population, multiple SNPs will be needed to distinguish between ancestral 
haplotypes. To distinguish between H haplotypes, the minimum number of SNP 
markers needed, m, will be the lowest value for which 2m?  H. This will hold whether 
it is entire chromosomes one wishes to distinguish, or merely chromosome segments. 
SNPs present on the same ancestral segment are likely to be in strong LD with each 
other, particularly for small effective population sizes, so existing SNPs can give 
some knowledge as the pattern of ancestral segments in a population of 
chromosomes. SNPs have been used to identify haplotype blocks, and these two 
phenomena, haplotype blocks and ancestral segments, can be considered two 
alternative methods of describing the underlying diversity/homozygosity within a 
population of chromosomes. 
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6.4 Junctions in populations and haplotype blocks 
Fisher considered junctions to be equivalent to point mutations on a chromosome 
that could be tracked through a population's evolution, as any other mutation, to 
fixation or loss. Chapman & Thompson (2003) note that a junction location 
possesses two alleles: "junction present" and "junction absent". As junction 
formation is considered a unique event, any "junction present" alleles present at a 
frequency of greater than 112N in a population must be IBD and descended from a 
single recombination event at some point in the population's past. 
Within an individual, external junctions are defined as the location of changes in IBD 
status between a pair of homologous chromosomes (see figure 2.1). Identity by 
descent can be considered a measure of homozygosity within a population of two 
chromosomes, where homozygosity is 1 for loci that are IBD, and 0 otherwise. This 
is illustrated by the IBD bar in figure 2. 1, which is black for IBD regions and white 
for non-IBD. A plot of IBD status (1/0) against chromosome location for a pair of 
homologous chromosomes will resemble a square wave, with the transitions located 
at external junctions. This idea can be extended to populations of more than two 
chromosomes. In a population that is not completely inbred, the homozygosity along 
a particular chromosome will change in a stepwise manner. This is illustrated in 
figure 6.2, which shows the homozygosity across a population of 2N = 10 
chromosomes of length 1.OM after 10 generations of inbreeding, starting from an 
outbred population. F, is 0.535 in this population, giving an expected value of -6.4 
junctions per Morgan. With a total of 64 junctions across 10 chromosomes, this 
matches the observed value. 
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Homozygosity at locus i in a population of chromosomes is the probability that any 
two chromosomes selected at random are IBD at this locus. Considering 
homozygosity in terms of ancestral origins of chromosome segments, this can be 
calculated as H1 = p where p is the frequency of origin j at locus i. Figure 6.2 
illustrates the stepwise nature of the change in homozygosity moving along a 
chromosome. Changes in homozygosity can be seen to correspond to junctions on 
one or more chromosomes, but not all junctions lead to changes in homozygosity. It 
is now possible to add a third level of junction classification to the two previously 
described. On a single chromosome, a junction is the location of a change in 
ancestral origin. Within a homologous pair of chromosomes, external junctions 
correspond to changes in IBD status, and within a population, external junctions 
correspond to changes in homozygosity (although these last two are equivalent, if a 
pair of homologous chromosomes is considered a population of size 2). A junction 
where a change in homozygosity occurs within the population can be considered 
"external" to the two regions it bounds, whereas junctions leading to no change in 
homozygosity considered "internal" to that region of uniform homozygosity. Just as 
Fisher and others were interested in external junctions as locations of changes in IBD 
within an individual to fully define that individual's IBD status, when considering 
the homozygosity in a population of homologous chromosomes, it is the location of 
the changes in homozygosity that are of interest, and these are the external junctions 
as described above. 
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In figure 6.2, there are 27 distinct junction locations across the 10 chromosomes, 
giving 28 regions where homozygosity can be measured. There are two regions 
where H = 1.0, as all segments in these regions derived from the ancestral 
chromosome. In an inbred population, all junctions will be internal within individuals 
in the sense described by Fisher, and internal within the population to a region of 
homozygosity of 1.0. In partially inbred populations, where the segment pattern is 
not fixed, any particular junction in the population will be internal where all of the 
"junction absent" chromosomes have an ancestral origin that is distinct from the two 
segments that meet at the junction in question. If one or more "junction absent" 
chromosomes has an ancestral origin identical to one of the two that meet at a 
junction, that junction will cause a change in homozygosity and will be external 
according to the population-based definitions outlined above. 
Haplotype blocks are the name given to certain general patterns of homozygosity 
observed in populations of chromosomes, namely long regions of low diversity 
within the blocks separated by shorter regions of higher diversity. The controversy 
surrounding the specific definition of haplotype blocks is compounded by 
uncertainty as to whether such patterns represent underlying biological phenomena, 
or merely reflect properties of the marker map used in any particular study. From 
figure 6.2, a definition of haplotype blocks in terms of diversity of ancestral origins 
of a chromosome can easily be conceived, by declaring some arbitrary threshold of 
homozygosity above which a region is defined a "block". Under such a definition, 
the locations that form the boundaries of be external junctions, defined in the 
population sense. Thus, the problem of locating the boundaries of these haplotype 
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blocks thus becomes equivalent to the problem of locating ancestral junctions 
discussed elsewhere in this thesis. While such a block definition is conceptually 
simple, framing it in terms of marker genotypes is more difficult, especially if SNPs 
are the only markers available. 
Figure 6.2. Junctions as locations of changes in homozygosity. 
The lower figure represents a population of chromosomes from generation 10 
of a simulated population of size N=5. Coloured blocks represent different 
ancestral origins of each chromosomal segment. Junctions are located where 
coloured blocks meet, and are indicated by vertical dashed lines. The upper 
figure shows the average homozygosity along the population of 
chromosomes. It can easily be seen that all of the points where there is a 
change in homozygosity correspond to junction locations. 
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To be universally applicable, a definition of haplotype blocks needs to be formulated 
in terms of marker genotypes: if a population of chromosomes could be described 
precisely in terms of the locations of junctions and the origins of the segments 
between them, the notion of haplotype blocks would become irrelevant, as the 
ancestral origin of any locus could be determined directly. However, such an 
observation is impossible, so inferences about the population must be made using 
markers. For the markers simulated in chapter 3, each allele corresponds exactly to 
one ancestral chromosome, the measured homozygosity will be identical to that of 
the segment the marker is located upon. However, for most populations, the most 
prevalent type of markers used will be SNPs, so any block definition would ideally 
take this into account. Figure 6.3 presents the homozygosity in the same population 
of chromosomes in figure 6.2 but the profile is calculated using 100 markers 
distributed randomly across the chromosome. The dotted line represents the 
homozygosity profile derived from fully informative markers of the type simulated in 
chapter 3, while the solid line represents homozygosity calculated using SNPs. 
Where the dotted line cannot be seen, the two profiles are coincident. To simulate 
SNP genotypes, each marker was assigned randomly a genotype of "0" or "1" in the 
founder generation, and followed throughout the population's evolution. 
Homozygosity was measured using SNPs in an analogous manner to that described 
previously, but using 2 alleles instead of 2N. It can be seen in figure 6.3 that the 
homozygosity profile given by fully informative markers is broadly similar to that 
determined by ancestral segments in figure 6.2. However, the profile determined by 
the SNPs shows an entirely different pattern, the measured homozygosity often 
greater than the actual homozygosity. As SNPs have only two alleles, they will often 
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be IBS without being IBD, as there are 10 ancestral haplotypes, and haplotypes 
consisting of at least 4 SNPs will be necessary to distinguish between them. The 
actual homozygosity is the lower limit on the measured homozygosity, and occurs 
where there are only two ancestral haplotypes within any particular segment, each 
carrying a distinct SNP. It can thus be concluded that any definition of a haplotype 
block based solely on ancestral segment patterns will not translate easily into a 
definition based on homozygosity measured using SNPs. 
Origins of ancestral segments cannot be distinguished precisely using single SNPs, 
but, as indicated above, haplotypes consisting of multiple SNPs can be used to 
distinguish between several ancestral origins, if the ancestral haplotypes are known, 
and the phase of SNPs in the current generation can be accurately determined. These 
problems are not trivial, but lie beyond the scope of this thesis. 
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Figure 6.3. Homozygosity measured by markers. 
Homozygosity is measured at 100 markers placed at random across the 
chromosome of length I .OM. The dotted line represents homozygosity 
measured by simulated markers with 2N alleles, while the solid line is 
measured by SNPs, as detailed in the text, with the x-axis (LOC) showing 
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6.5 Further work 
The RIL SNP data mentioned briefly in this chapter were only made publicly 
available during the completion of this thesis, and merit a more thorough 
investigation than the preliminary analysis presented here. Although SNPs will 
eventually supersede the microsatellite maps in RILs and other populations, there is 
an extensive extant body of work on locating junctions, or "recombination events" 
within RILs. These need to be confirmed in the SNP map, and any errors therein 
corrected before junctions in RILs can be located unambiguously, which will be 
necessary if the RIL SNP map is to become a useful tool. 
A possible relationship between ancestral junctions and haplotype blocks is outlined 
in this chapter. This is another area where this work could potentially be extended. 
Haplotype blocks and ancestral segments are two distinct and complementary 
methods for describing the diversity present within a population of chromosomes, 
and further elucidation of the connection between these two viewpoints may shed 
further light on the populations under investigation. This is likely to prove useful in 
mapping of QTL or disease susceptibility alleles in such populations. 
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Appendix 1: Expected junctions in an inbred 
population 
Starn considers the expected number of junctions on autosomes formed by random 
mating (excluding selfing) derived from an outbred population of N monoecious 
individuals. Let H, be the probability that the two homologous alleles carried by an 
individual are not identical by descent, not IBD, i.e. H, = (1-F) where F, is the 
inbreeding coefficient at generation t. Stam argues that the number of new junctions 
formed per Morgan from generation I is given by 2NH, since 2N crossovers are 
expected to in the formation of the 2N gametes for the next generation, and a fraction 
H, will be at positions that are not IBD. Each will have a probability of 11(21'!) of 
becoming fixed, so generation t is expected to contribute ultimately H, junctions. 
Consequently the expected total of junctions per Morgan is I H, . H, can be 
calculated from the recurrence relations H, = K, 1, where K, 1 is the probability that 
two alleles on chromosomes sampled from distinct individuals at time t-1 are not 
IBD, and K = — 
2N )
--'H'- + l -  N)KI-I 
considered by Stain.  
with H0 = K0 = 1 for the populations 
Consider an autosome: the recurrence relations used by Stam remain valid, with 
eigenvalues and X= '/,.(I -N ± 
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The general form of the solution is given by H = AX 1' + BX2t, where B = (K0 
X 1H0)/(X2-X1 ) and A = (X2H0-Ko)1(X24-1 ). The expected total junctions per Morgan is 
therefore I H = A(1-Xi)' + B(1-X2) which simplifies to 2(NK0 + Ho). This is a 
more general form than given by Stam, and reduces to 2(N + 1) for the populations 
he considered. For a population consisting of initially inbred individuals, H0 = 0, K0 
= 1, 2N junctions per Morgan are expected at inbreeding. An RIL represents the 
specific case where H0 = 0, K0 = 1, N = 2, giving the expected number of junctions to 
be 4. 
For the X-chromosome, there is only a single recurrence relation H, = Y7J-I.1  + 1/4 H,2 
describing the heterozygosity in a female at time t. This has a similar general solution 
to the autosome with H1 replacing K0, with the result that E H, = 2(NH1 + Ho), 
similar to the autosomes. However, the expected number of junctions per Morgan 
requires further consideration. At time t the expected number of new junctions 
formed per Morgan is H, for each gamete formed from by a diploid individual, but 0 
for a haploid individual. Therefore, for an X-chromosome in an RIL at generation t, 
211, junctions enter the population, but the probability of each ultimately becoming 
fixed is 1/3. Consequently, the total number of junctions is 2 H, /3 = 4(NH1 + 
H0)/3. 
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Appendix 2: Marker densities and the mapping 
of ancestral junctions 
MacLeod, A. K., C. S. Haley, and J. A. Woolliams, (2005), Marker densities and the 
mapping of ancestral junctions. Genetical Research 85: 69-79. This paper includes 
material presented in chapters 2 and 3. 
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Summary 
In any partially inbred population, 'junctions' are the loci that form boundaries between segments 
of ancestral chromosomes. Here we show that the expected number of junctions per Morgan in 
such a population is linearly related to the inbreeding coefficient of the population, with a maximum 
in a completely inbred population corresponding to the prediction given by Stam (1980). We further 
show that high-density marker maps (fully informative markers with average densities of up to 
200 per cM) will fail to detect a significant proportion of the junctions present in highly inbred 
populations. The number of junctions detected is lower than that which would be expected if 
junctions were distributed randomly along the chromosome, and we show that junctions are not, 
in fact randomly spaced. This non-random spacing of junctions significantly increases the 
number of markers that is required to detect 90% of the junctions present on any chromosome: 
a marker count of at least 12 times the number of junctions present will be needed to detect this 
proportion. 
1. Introduction 
Several recent studies examining densely spaced gen-
etic markers in human populations have presented 
evidence that some regions of the genome are of 
limited haplotype diversity (Daly ci al., 2001; Reich 
ci al., 2001; Gabriel et al., 2002). These regions have 
been termed haplotype blocks', and are separated by 
regions of higher diversity. Such blocks have been 
reported in several regions of the human genome, 
including the MHC region of chromosome 5 (Daly 
et al., 2001), across the whole of chromosomes 19 
(Patil ci al., 2001) and 21 (Phillips ci al., 2003), and at 
randomly selected regions throughout the genome 
(Gabriel ci al., 2002). It is argued (Johnson ci al., 
2001) that if such blocks were present throughout 
the genome, they would facilitate whole-genome as-
sociation studies to identify quantitative trait loci 
(QTL), as fewer markers would need to be genotyped 
to locate a putative QTL within a haplotype block. 
This has led to the development of a project to 
characterize the diversity of haplotypes in the human 
* Corresponding author.e-mail: andy.mac1eod@bbsrc.ac.uk.  
genome: the human HAPMAP project (International 
HapMap Consortium 2003). 
However, the phenomenon of haplotype blocks is 
not completely understood. In the MHC region of 
chromosome 5, the regions which separate haplotype 
blocks correspond to recombination hotspots (Daly 
et al., 2001), but there is evidence that such hotspots 
are not necessary for haplotype blocks to form, as 
blocks can be observed resulting from simulation 
studies of random recombination and genetic drift 
only (Zhang et al., 2003). The problem of separating 
these two causes, the former an attribute of the 
genome, the latter an attribute of the population, is 
compounded by the lack of a precise, universally 
applicable definition of a haplotype block. Blocks are 
often defined as regions where inter-marker linkage 
disequilibrium exceeds a certain threshold (e.g. 
Jeffreys etal., 200 1) or regions where a few haplotypes 
can account for most of the observed marker geno-
types (e.g. Patil etal., 2001), but these definitions refer 
only to marker genotypes, without referring to the 
underlying patterns of ancestral segments. 
To distinguish between these two mechanisms of 
block formation, it is necessary to quantify what may 
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be expected from the two processes. One theory that 
relates genetic drift to the lengths of ancestral seg-
ments is Fisher's theory of junctions (Fisher, 1954). 
Fisher describes the theory of junctions as a 'strand 
theory' rather than a 'point theory', one that looks at 
the inheritance of whole tracts of chromosome rather 
than individual loci. In Fisher's theory, a junction is 
formed where a recombination event occurs between 
two chromosomes that are not identical by descent 
(TBD) at the location of the crossover, where IBD is 
defined relative to a base generation. Junctions can 
be treated as point mutations, and followed to fixation 
or loss within the population over time. The genome 
of any individual in a partially inbred population 
will consist of alternating IBD and non-IBD sections, 
which are separated by 'external' junctions (Stam 
1980). In a completely inbred population, all individ-
uals will be IBD across the whole genome, with each 
chromosome consisting of several segments of differ-
ent lengths, each derived from a distinct chromosome 
in the base population, and separated by 'internal' 
junctions (Stam, 1980). 
Stam (1980), and Chapman & Thompson (2003) 
expand Fisher's theory by deriving expressions for 
the expectation and variance of the length of an IBD 
tract (the length of the section of chromosome 
between two external junctions), as opposed to the 
probability that an individual is IBD at a specific 
locus. The papers of Stam and Chapman & Thompson 
relate to random mating populations excluding and 
including selfing, respectively. Stam (1980) showed 
that starting with a fixed outbred population of size 
N, with a genome of length L Morgan distributed over 
a pairs of homologous chromosomes, and allowing 
the population to mate randomly with the exception 
of selfing, until the population was entirely inbred, the 
number of distinct segments observed in an individual 
in the inbred population (Sw) would be: 
S =2(N+ l)L+n. 
The expected number of junctions (excluding chromo-
some ends) would thus be: 
J=2(N+l)L (1) 
corresponding to 2(N+ 1) junctions per Morgan in a 
completely inbred population (Stam, 1980). 
Any inference made on a population's history using 
the theory of junctions will necessarily be made using 
genetic markers. Whilst the results of Stam (1980) and 
Chapman & Thompson (2003) give a precise record 
of the make-up of each chromosome, this would 
not be available if markers alone were examined. 
Indeed Stam states (p. 143), with reference to his 
results, that using spaced markers 'may result in an 
underestimation of the number of junctions'. This 
paper reviews the results of Stam and examines the  
influence of marker maps of varying density on the 
observation of junctions. This is accomplished by 
simulation, with precise tracking of junction location, 
and by superimposing marker maps and assessing 
the existence of junctions from these maps alone. The 
distributions of segment lengths are also examined 
with reference to both theory and simulation. 
2. Methods 
Concepts and definitions 
A 'segment' is defined here as the region of a 
chromosome between two junctions, whereas a 
'bracket' is defined as the region between two 
markers. Segments are regions inherited unbroken 
from a single chromosome in the ancestral popu- 
lation; brackets may appear to be unbroken if the 
markers at either end derive from the same ancestral 
chromosome, but may contain any number of junc-
tions. 
Following Fisher, junctions are one of two major 
types, depending on the state of the genome on 
either side of the junction on a pair of homolo-
gous chromosomes. An external junction forms the 
boundary between IBD and non-IBD tracts. Internal 
junctions are either IBD on both sides of the junction 
or non-IBD on both sides of the junction, and are 
labelled type I and type II, respectively (Stam, 1980). 
These junction types are illustrated in Fig. I. 
There are 14 junctions in total across the two 
chromosomes in Fig. 1, but only 8 are detected from 
the marker map alone. This map thus underestimates 
the actual number of junctions present. 
Simulated populations 
A series of populations was simulated using 
FORTRAN 90 software. Each individual consisted 
of a single pair of homologous chromosomes of 
length I Morgan. Each chromosome was unique in the 
first generation, i.e. the population was not inbred. 
Generation 1+ 1 was generated by random mating 
of individuals in generation t, with self-fertilization 
excluded, to be consistent with the simulations of 
Stam (1980). 
For each individual in generation t + I, the first 
parent was selected at random from generation t and 
one gamete generated, and the second parent selected 
from the pool of remaining individuals, The number 
of recombination events occurring at the formation of 
each gamete was sampled from a Poisson distribution 
with parameter 1, and the location of each recombi-
nation was placed at random along the chromosome, 
as indicated by a random number drawn from U[0,l]. 
Marker maps were either based on nm equidistant 
markers or obtained by generating a random array of 
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Fig. 1. An example of internal and external junctions matched to the pattern of IBD along gametes. Junctions types are 
shown above the chromosomes: I, internal (types 1 and 2); E, external, with the pattern of IBD across the chromosome 
shown above (black, IBD, white, non-IBD). Below the chromosomes are shown the marker haplotypes for a set of 
markers spaced across the chromosome. 
in marker locations. In the latter case, markers were 
placed at the two ends of the chromosome, but 
otherwise at positions indicated by a random number 
drawn from U[0,1]. The number of possible alleles 
at each locus was 2N, the number of chromosomes in 
the founder population, with the marker haplotypes 
defined in the founders as {j,j,..., j} for the jth 
ancestral chromosome, where j= 1.....2N. There-
after, inheritance followed directly from the sampling 
of gametes and recombinations described previously. 
Simulations were run for all combinations of 
population sizes ofN=2, 5, 10,25 and 50 with B= 10, 
20, 50, 100, 200 marker brackets, formed by rn=B+ I 
markers including a marker at each end of the 
chromosome. Each combination of parameters was 
simulated over 1000 replicates, with each replicate 
proceeding until the population was completely 
inbred. 
(iii) Observations 
For each replicate, in each generation, r, we 
measured: (I) the number of junctions present on 
each chromosome, and .1,, the average junctions per 
Morgan over the 2N chromosomes; (ii) the genotypes 
of all markers on each chromosome, and (iii) the 
number of junctions per chromosome, inferred from 
the marker genotypes. To calculate the inferred 
number of junctions from the marker map, brackets 
were classified as IBD, if the markers at either end 
derived from the same ancestral chromosome, or 
non-IBD otherwise. The number of non-IBD brack-
ets was assumed to equate to the number of junctions. 
When each population was completely inbred, the 
length of each chromosome segment was recorded, as 
well as the average number of junctions per Morgan. 
Results were obtained by averaging over replicates, 
and standard errors were calculated for the variation 
between replicates. Inbreeding coefficients in each 
generation were calculated as F, =(I —H,), where  
H,=K,_ 1, and K,=fI,_ 1 +0—)K_1. H, is the 
probability that two homologous loci drawn at 
random from one individual in generation t are non-
IBD, and K, the probability that two homologous loci 
drawn at random from two distinct individuals in 
generation t are non-IBD (Slam, 1980). 
(iv) Predictions 
Segment lengths 
Assuming that the location of junctions that become 
fixed in the final generation represents a random 
sample of J points along the chromosome, the 
distribution of the Jo-. + 1 segment lengths will be 
given by a /3 distribution with parameters [l, JcJ 
(Waddington et al., 2000). The lengths obtained from 
simulation were compared with this distribution, by 
taking the first segment length for each simulated 
population. Under the assumptions given above, 
the distributional property remains valid despite the 
chosen segment being situated at one chromosome 
end. 
The distribution of segments obtained for a speci-
fied population size, N, and number of markers, in, 
are conditional on the realized value of J. Therefore 
unconditional expectations for the mean and variance 
of first segment lengths, L, were obtained from the 
mean and variances of /3{l, JJ and the mean and 
variance of J over replicates. 
E[L] Erepiicaies[ 1/(J,. + 1)] (2) 
Var[L]=Varrspiira,es[l/(J + 1)] 
+Erepiica,es[Jco(Jci + 1 2(J +2']. (3) 
(b) Detection ofjunctions 
Separate predictions were made for randomly spaced 
markers and for equidistant markers assuming that 
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Table I. Predicted and observed numbers oJjunctions in the completely inbred populations 
Population Predicted Observed Standard Inter-quartile 
size (N) junctions junctions deviation Range range 
2 6 606 (0094) 2999 [0, 171 [4, 81 
5 12 1190 (0- 134) 4249 [1, 271 [9, 141 
10 22 2206 (0205) 6,487 [3, 471 (17,261 
25 52 5190 (0313) 9.911 [17, 98] [45, 581 
50 102 10231 (0458) 14482 [59, 1501 [92, 112] 
Predicted values follow equation (1), observed values are averaged over 1000 replicates, with standard errors in parentheses. 
the junctions were randomly, and independently, 
scattered over the chromosome. 
Randomly scattered markers. On a chromosome 
with B+ I markers, one placed at each end of the 
chromosome but otherwise randomly distributed, and 
J junctions, the number of junctions we predict 
the marker map will detect is taken to equal to the 
number of brackets that contain one or more junc-
tions. This is equivalent to the number of runs of one 
or more junctions in a randomly drawn sequence 
of J. junctions and B-  I markers (i.e. the number of 
groups of one or more junctions separated from each 
other by one or more markers). Thus, ignoring ends, a 
sequence with 4 internal markers (m) and 3 junctions 
(j) given by jnlmjjmm would be assumed to detect 
only 2 junctions. Note that this would be expected to 
further underestimate the number of junctions when 
runs of length 2 or more result in the flanking markers 
coming from the same ancestral chromosome, result-
ing in no junctions being detected in that bracket. 
However, this error may be expected to diminish as N 
becomes large. Using the results on theory of runs 
from Feller (1967), for a chromosome with J junc-
tions, and B + 1 markers (including one at each end), 
let JD represent the junctions detected. Then: 
(4) 
Var[JD]zE[JD]2(J+B—lY'. (5) 
Note that the expected number of runs of length 2 
or more provides an estimate of one component of 
the risk of missing junctions. This can be shown to 
be E1JD](J - 1)(J. + B —2) . By defining variables 
X,= 1 if the sequence t — l, t, t+l is jim and 0 other- 
J. +B+1 
wise, this is calculated as ,:2 E(X,). 
Equi-distant markers. Although detection of junc-
tions for equidistant markers still relies upon inter-
preting sequences such as jmmjjmm, the markers 
are no longer spaced randomly, and the problem is 
equivalent to that of the classical occupancy problem 
described by Feller (1967): for a chromosome with a 
uniformly spaced marker map, the problem becomes 
one of distributing J junctions in B brackets of 
equal length, rather than looking at the order of two  
non-uniformly distributed sequences of markers and 
junctions. With Jr,. junctions in B brackets, Feller 
(1967) shows that as J., and B become large, the dis-
tribution of unoccupied brackets tends to Poisson 
with mean Be, where '=Jc,jB. Thus: 
E[JD]=B(l —e) and Var[J]=Be. (6) 
The expected single occupancy is also approximated 
by Poisson with mean yBe, so the expected multiple 
occupancy is B(l —(1+?)e). 
Predicted proportions were compared to the actual 
proportion of junctions detected for randomly spaced 
marker maps of a given (average) density. For both 
random and equidistant markers the moments given 
above, conditional on J, were made conditional on 
N using the approach described for segment lengths 
(see equations 2 and 3). 
Empirical predictions. Empirical predictions were 
made for JD,  the number of junctions detected on 
an inbred chromosome, for randomly distributed 
markers, based upon 1000 records comprising 40 rep-
licates from each of the 25 combinations of brackets 
and population size described above. The prediction 
was made using generalized linear models, fitted 
using Genstat. with Poisson errors and a reciprocal 
link with a linear model based upon the expectations 
from the 'theory of runs' model described above: 
Eli_  u]a+bJ_l  +cB'+d(BJY 1. (7) 
3. Results 
(i) Validity of Stain's predictions 
Table 1 shows the average number of junctions pres-
ent per Morgan in the final generation of the simu-
lations, when the populations have become completely 
inbred, and compares the average values to those 
predicted by equation (1). Stani's predicted values, 
and the observed averages over 1000 replicates, are 
shown for inbred populations of size N=2, 5, 10,25 
and 50. The observed averages do not differ signifi-
cantly from Stam's predictions, validating Stain's 









Fig. 2. Average junctions per Morgan (Jr) against 
inbreeding coefficient (F,). The relationship between J, and 
F, is I, = (J - 1)F, + 1, and is derived analytically in 
Appendix. 
approach for the simulated populations examined 
here. Further simulations in larger populations con-
firmed the expected results. For example, a popu-
lation of size N= 1000, has an expectation of 2002 
junctions per Morgan at inbreeding, hence 2002 
junctions per centimorgan. Simulations at N= 1000 
with a 1 cM chromosome gave an average junction 
count of 20'47 junctions over 100 replicates with a 
standard error of 0629, suggesting that Stam's ex-
pectation is valid for larger populations. 
Initially J, increased rapidly over time, towards 
J, and Fig. 2 shows that this increase was linearly 
related to the inbreeding coefficient F,, with J, F, 
(J. - I) + 1. This result can be confirmed by equating 
J, to ZHj from generation j=l to j=t — l, and is 
equivalent to equation 5 in Chapman & Thompson 
(2002). This result can also be derived analytically as 
illustrated in Appendix. Whilst the expected number 
of recombination events present on each chromosome 
will increase linearly with time (1 per generation per 
Morgan), fewer recombinations will result in junction 
formation in later generations, since they will occur 
between loci that are already IBD. 
(ii) Segment lengths 
Figure 3 shows the distributions of the lengths of the 
first segment in inbred chromosomes for populations 
of size N= 50, and the expected distribution based on 
a mixture of (3 distributions, calculated as: 
J(x) = P(J)g(x; I, J) 
J., 
where g(x;l,J) is the P density function with par-
ameters I, J, and P(J) are the observed frequencies 
of J in the 1000 replicates. It is clear that the 
observed distribution is skewed towards the more 
extreme segment lengths (note that mean segment 
length is the same for observed and expected distri-
butions), the actual distribution being more dis-
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Fig. 3. Distribution of lengths of the first segment in 
inbred populations of size N=50. Expected distribution is 
a mixture of (3 distributions. See text for details. 
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Fig. 4. Percentage of junctions recorded in inbred 
populations of fixed size N, with equidistant markers 
forming B= 10, 20, 50, 100, 200 brackets. Junctions are 
recorded where adjacent markers originate from distinct 
ancestral chromosomes (see Section 2). 
over-represented, which can be confirmed by com-
parison with equation (3). Using a mixture of 13 
distributions accounts for any variation in J over 
the replicates, so any deviation in the segment length 
frequencies will be due to the deviation of the dis-
tribution of segment lengths from a 13 distribution, 
as defined by equations (2) and (3). It may therefore 
be inferred that the distribution of segment lengths 
over these replicates does not follow the expected (3 
distributions, suggesting that the junction locations 
are not at random along the chromosome, but tend to 
cluster in various locations. 
(iii) Assessment ofJune! ions using markers 
The detection of junctions using equidistantly spaced 
markers became less efficient as N increased, and B 
decreased, as shown in Fig. 4. As marker density 
increased, the percentage of junctions detected in-
creased towards 100%, but at a slower rate for the 
larger population sizes. The lowest percentage of 
junctions detected in the final generation for all com-
binations of N and B was 97% for N=50, B=10 
(markers spaced every 10 cM). Even with marker 
spacing of 0- 5 cM (B=200), the average percentage of 
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Fig. 5. Percentages of junctions detected in a population 
of size N= 50, proceeding to inbreeding, from various 
densities of marker maps. Markers are positioned 
equidistant along the chromosome and at both ends with 
junctions detected as described in Section 2. 
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Fig. 6. The mean proportion of junctions detected for 
each simulated combination of B and N, for equidistant 
markers (open symbols) and randomly distributed markers 
(filled symbols), plotted against the bracket to junction 
ratio i.e. l/-y. The line represents the expected proportion 
for randomly distributed, fully identifiable junctions with 
equidistant markers i.e. EIJD/JX,1=y1(1—e). Each 
point represents the mean of 5000 replicates. 
junctions detected in an inbred population was as low 
as 669 % for the parameters studied here. 
The fraction of junctions present and detected at 
time t declined with time (see Fig. 5). Whilst the per-
centage detected declined approximately linearly with 
F for B = 200, for lower values of B, this decrease was 
non-linear, with the efficiency of detection decreasing 
very rapidly over the initial stages of inbreeding. 
The fraction of junctions detected when the popu-
lations were fully inbred is shown in Fig. 6 for 
both marker distributions. For randomly distributed 
markers it predicts that marker maps require to be 
20-fold denser than junctions to achieve a 90% de-
tection rate, 5-fold more dense than may have been 
anticipated with naïve assumptions which result in 
the continuous line in Fig. 6: E[JD/J,]=y'(l _e?). 
Even with informative equidistant needed the markers 
needed to be 2-fold denser than estimated from naïve 
assumptions. When marker density is random and 
of the same order as junction density only 40% of 
junctions may be detected. 
The Human HapMap project (International 
HapMap Consortium, 2003) states as one of its initial 
aims to characterize one SNP every 5kb across the 
genome. Taking 1 Morgan 1000 kb, this is equiv-
alent to 200 markers per centiMorgan. Looking at 
this density of markers in simulations with N= 1000, 
L= 1 cM, the expected number of junctions per 
chromosome in an inbred population is 2002. One 
hundred simulations under these conditions gave an 
average of 2047 junctions per centiMorgan. A ran-
domly spaced marker map with B=200 gives a value 
for ? of 01024, and an average of 8822% of the 
junctions were detected over these 100 replicates. 
Compare this figure with the value for N= 10, B=200 
in Fig. 4. With an expected value of 22 junctions, and 
201 markers distributed randomly across the l0 M 
chromosome, the value for y is 011 and the percent-
age of junctions detected is 9025 % confirming that 
junction detection is a function of ', the ratio of 
junctions per Morgan to brackets per Morgan. 
(iv) Predictions of effectiveness of/unction detection 
Table 2 shows the efficiency of junction detection 
for randomly distributed and equidistant markers of 
varying densities, for both N=2 and N=50 when 
the population was fully inbred with J junctions. 
In the cases examined, the number of junctions 
observed when using randomly distributed markers 
was lower than for equidistant markers. The expected 
relative efficiency of random to equidistant markers 
was J. (B+J—l 1(l —e' and for By'J> I, 
this ratio will be approximately (I+ y) — 1. However, 
in the most extreme case presented here (B=200, 
N=50, y=051) the random markers did marginally 
better than predicted by this asymptotic ratio, with a 
relative efficiency compared to equidistant of 88 %. 
The number of junctions observed using the 
markers was much smaller than predicted (e.g. see 
Fig. 6). This difference was small when N=2, but 
substantial when N=50. In the latter case, only ap-
proximately 82% of the expected number, based on 
the predictions, were detected when B=200; note this 
corresponds to approximately 68% and 56% of the 
actual number of junctions present for equidistant 
and random spacing, respectively. 
There are a number of possible reasons for this 
discrepancy that were tested and will be exemplified 
by B=200, N=50, with an expected J of 102 and 
y=051. Firstly, the predictions may be poor given 
the assumptions made; however, simple simulation 
of classical random occupancy, placing junctions at 
random across a number of brackets, suggested an 
error of less than 0-1%  for the parameters investi- 
gated here, and cannot account for difference between 
JD and E[JD] given by equation (6) for equidistant 
markers. Secondly, when multiple junctions occur 
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Table 2. Observed (0) and expected (E) junctions in inbred populations of size N = 2 and N = 50, when markers 
are either randomly distributed over the chromosome or placed at equidistant intervals 
N=2, ElJ,,] =6, Observed = 597 N= 50, J]= 102, Observed = 10205 
Random Equidistant Random Equidistant 
B E 0 E 0 E 0 r'I  
10 374 291 425 351 918 800 1000 901 
20 456 379 499 440 1682 1407 1985 1660 
50 530 477 555 525 3364 2701 4325 3331 
100 561 528 575 557 5052 4054 6360 5027 
200 578 559 586 577 6751 5594 7964 6733 
Observed values are means from 5000 replicates. Expectations assume random distribution of junctions as described in the 
Materials and Methods. Standard errors or  vary between 002 and 004 for N=2 and 002 and 012 for N=50. 
Table 3. Regression coefficients for terms in generalised linear models used to predict .J0 
Model Terms 
Constant Mean 
Model (x 10) 1/J 1/B 1/(J,,B) Deviance (d.f.) 
I 2- 6(0-3) 0972 (0017) 1163 (0025) 4238 (0799) 0338 (996) 
11 1 -5(0- 3) 1035 (0014) 1256 (0019) - 0-347(997) 
111 - 1.081 (0011) 1307 (0017) - 0-357(998) 
IV - 1 1394 (0013) - 0-376(999) 
The analytical model is described in Section 2 and equation (7). Model: I, full model; II, dropping term l/(JB); III, 
dropping Constant'; and IV constraining coefficient for l/J to equal 1. 
within a bracket, there is a finite probability that the 
recombination events lead to both the markers that 
define the bracket originating from the same founder 
gamete and no junction is identified. Further analysis 
of the simulation results suggests that this accounts 
for approximately two-thirds of the shortfall between 
J0 and E{J0]. Approximately 8 brackets that con-
tained junctions were missed for this reason. This 
is greater than might have been expected from an 
ad hoc correction of 1/2N, based on sampling from 
founder generations. Nevertheless, this leaves a short-
fall (statistically very significant) of approximately 
4 brackets between J0 and Elf0], which may be 
explained by greater multiplicity of junctions within 
brackets than predicted by random occupancy. 
For randomly distributed markers, similar con-
clusions can be drawn (note that equation (4) is exact 
and not approximate). Thus the lower than expected 
detection can be explained by a combination of fewer 
than expected brackets containing junctions, due to 
an increased multiplicity of junctions within brackets, 
in addition to failure to identify junctions where 
they are present within brackets which appear to 
be inherited unbroken from a single founder 
chromosome. 
Empirical predictions using generalized linear 
models in Genstat are shown in Table 3, In all four  
models, all terms displayed were statistically signifi-
cant; however, the progression from I to IV was 
carried out with a view to parsimonious prediction. 
However, the dropping of terms changed the mean 
deviance only slightly. In models I to III, the terms 
1/B and l/J were the primary terms in predicting J0; 
however, these models predict that not all junctions 
will be found even as B becomes very large. The term 
(BJ) has rapidly diminishing influence as B and 
J become large. Model IV was fitted to provide a 
predictive model in which J0/J—*l as B—* co. Thus 
with model IV, J0/J..B/(B+ l39J) or 1/([+ 
1- 39y), predicting that for J,. = 202, corresponding to 
N-100, approximately 2500 randomly distributed 
markers would be required to detect 90% of the 
junctions, i.e. 125-fold denser markers than junc-
tions. However, it should be recognized that prog-
ressing from model I to IV becomes increasingly 
optimistic in the relative marker density required. 
Nevertheless 20 replicates of (N=100, B=2500, 
= 0-0808) on a chromosome of length I 'OM resulted 
in a mean detection rate for junctions of 86% (SE 
I %), in good agreement with model IV. Note that 
the value of y  for these simulations (202/2500) is 
close to the value described in Section (iii) above, 
where 200 markers were placed along 1 cM in a 
population of size N= 1000, and a similar percentage 
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of junctions was detected. These results suggest that 
the number of junctions detected is a function of the 
ratio of junctions to brackets in a particular section of 
chromosome, and is independent of the length of that 
particular segment. 
This model can be applied to intermediate gener-
ations, by replacing J with J,. We can predict E[J,] 
for given values of N and F,, and using model IV, 
predict the number of these junctions we would expect 
to detect for a given marker map. 
4. Discussion 
This study has shown that the prediction by Stam 
(1980) of the expected number of internal junctions 
in an inbred population is accurate (there are no 
external junctions in inbred populations), and that 
furthermore the increase in such junctions over time 
is linearly related to the inbreeding coefficient. How-
ever, the distribution of the locations of junctions 
present in the inbred population is not random over 
the chromosome. This lack of randomness has con-
siderable impact upon the effectiveness of detecting 
junctions when using a net of markers. 
Any pair of homologous chromosomes in a 
partially inbred population will consist of IBD and 
non-IBD regions, where IBD is measured relative 
to some founder population. These regions will be 
separated by external junctions and will contain 
within them internal junctions, where a junction is 
a point on a chromosome in the current population 
where segments derived from two distinct founder 
chromosomes meet as a result of a recombination 
event at some point in the past. Stam (1980) derived 
an expression for the number of (internal) junctions 
that would be expected on a chromosome in a com-
pletely inbred population. Here we have shown that 
the number of junctions per chromosome in a 
partially inbred population is linearly related to the 
inbreeding coefficient, reaching Stam's expectation 
when the population becomes completely inbred. The 
expected number of junctions per Morgan, J,, in a 
randomly mating population of size N at time 1, with 
an inbreeding coefficient F, is J,=F, (L—l)+ I, 
where J is Stam's expectation for the number 
of junctions per Morgan in a completely inbred 
population (equation 1). 
The evidence for non-randomness in the junction 
locations came from two sources: the distribution of 
segment lengths and variations injunction density. In 
a completely random dispersal of junctions across 
the chromosome, the distribution of segment lengths 
will be described by a 13 distribution with one of its 
two parameters determined by the number of junc-
tions present (Waddington ci al., 2000). The observed 
distribution of the first segment length was found to 
be over-dispersed with an excess of longer segments,  
and since the mean was correct, an excess of shorter 
segments. Again with random dispersal of junctions 
over the chromosome, accurate predictions are avail-
able for the distribution of runs and occupancy of 
marker brackets. In all parameterizations studied, 
with random or equidistant markers, the extent of 
multiple occupancy by junctions of marker brackets 
was in excess of expectation. For B=200 equal-sized 
marker brackets and N=50, the excess multiple 
occupancy was approximately 10% of the expected 
number. 
A mechanism for this clustering and over-
dispersion can be advanced. There are two possibilities 
for non-randomness: (i) junctions have different sur-
vival probabilities; and (ii) junctions do not occur at 
random positions. In our neutral models the first can 
be dismissed since the survival probability of a newly 
formed junction (together with an arbitrarily small 
segment of chromosome either side of the junction) 
will be 1/2N, independent of position: the size of 
the intact region will depend on N but nevertheless a 
region will exist. However, both a mechanism and 
supporting evidence can be found for non-random 
occurrence ofjunctions. As described by Stam (1980), 
junctions occur over time, decreasing in rate of 
appearance as heterozygosity decreases. At an inter-
mediate stage of heterozygosity: (i) some regions will 
be fixed and IBD, and junctions cannot occur within 
such regions; (ii) crossovers will still occur, but are 
of no significance to the segregation of the variation 
since junctions can only occur where there is segre-
gation among founder alleles. Regions that become 
fixed early will have been subject to fewer crossovers 
before fixation, and consequently would be expected 
to form longer IBD segments. Junctions formed at 
this intermediate stage that ultimately survive can 
only occur in increasingly smaller regions, thereby 
forming clusters with shorter segment lengths. Based 
on this hypothesis it would he predicted that markers 
that are fixed early belong to longer segments, and 
this is confirmed in Fig. 7. 
It can be concluded that the processes of genetic 
drift and uniform recombination will result in a 
mechanism that will tend to concentrate the segre-
gating genetic variation remaining from any given 
generation into localized regions. Whatever specific 
definition of 'haplotype block' one assumes, the 
underlying paradigm is the same: that in a given 
population of chromosomes, there are large regions of 
low haplotype diversity that are separated by smaller 
regions of higher diversity. Our results show that such 
an outcome can be observed in a population with 
uniform recombination rates, and give more detail 
than the explanations provided by Zhang ci al. (2003) 
on the impact of drift and recombination. 
Most results concerned with the effectiveness of 
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Fig. 7. The relationship between the logarithm of segment 
length containing a fixed, but randomly chosen locus and 
the logarithm of the time to fixation for the locus. The 
locus was positioned 15 c from an end, and observed 
correlation from 5000 replicates was —042. 
study are derived from inbred lines, but they have 
both immediate and general applicability. Completely 
inbred lines are rare in nature, but they occur in lab-
oratory populations, for example in recombinant 
inbred lines. Although most natural populations 
are partially inbred, with F, values intermediate be-
tween 0 and 1, we have shown that for a randomly 
mating population on fixed size, excluding self-
fertilization, that the average number of junctions per 
chromosome, J,, is linearly related to the inbreeding 
coefficient at generation t. The number of junctions 
we can expect to detect for a given marker map can be 
calculated by substituting J, for J in Section (iv) of 
the Results. For populations with different histories, 
the approach of Chapman & Thompson (2002) can 
be followed to calculate E[f,]=E1Hj and the 
substitution made for J. 
For a marker bracket to be recorded as containing 
a junction, the markers at either end must derive 
from distinct ancestral chromosomes. In actual popu-
lations, this may be complicated, as markers in the 
current generation may be identical by state without 
being identical by descent, depending on the number 
and frequency of alleles in the founder population. 
In the simulated populations investigated here, each 
marker allele can be assigned unambiguously to a 
single chromosome in the founder population, and 
a junction inferred where consecutive markers derive 
from distinct ancestral chromosome. This inference 
will lead to an underestimation of the actual number 
of junctions for two reasons: (i) if .1,> B, then at least 
one or more brackets will contain multiple junctions, 
some of which will not be detected from the marker 
map; and (ii) a bracket containing two or more junc-
tions may, by chance, have markers from the same  
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ancestral chromosome at either end, and none of 
the junctions therein will be recorded. This second 
discrepancy can be overcome if there are sufficient 
markers to ensure that each junction is the only 
one in a bracket. However, as the population size 
and/or the inbreeding coefficient of the population 
increases, J, will increase, and the number of markers 
needed to detect all of these junctions may be 
prohibitive. 
The results have demonstrated the difficulty of 
detecting junctions in practice, since they can only be 
identified by using marker maps. The circumstances 
considered here have developed a theoretical upper 
bound, shown in Fig. 6, in which the markers are 
assumed to be equidistant and to be fully informative, 
in which the detection rate a is given by 'y'(E —e — Y) 
where '1'=JIB where expected fat any time t is given 
by E[J,]=F,[2N+ l]+ 1 junctions per Morgan for 
the populations investigated here. This predicts that 
for approximately 90% detection rate, i.e. a=09, 
B-.-5J. However, our data have shown that this is 
considerably optimistic. Models based on our simu-
lated data suggest that for randomly distributed 
markers a l/(l + l4y), equivalently B= l4J,ci/ 
(1—a), and a 90% detection rate requires B- 125f,. 
Even these assumptions are likely to be conservative 
due to the strong assumption of perfectly informative 
markers, although this will be partially offset by the 
ability to design a marker map that moves towards 
equidistance. 
The impact of this is the scale of marker maps 
needed to get a complete picture of a junction map. 
Consider the simulated population used by Zhang 
et al. (2003) where a population of N= 10000 was 
inbred for 10000 generations. In this case 
giving EJ,] 8000 junctions per morgan, hence ap-
proximately 13 junctions over the region of 017cM 
investigated. This suggests that at least 170 markers 
would be needed over this region to detect 90 o,/  of 
the junctions. The study by Zhang et al. (2003) used 
10 markers in this region and did not have the objec-
tive of defining junctions; nevertheless it demon-
strates the difficulty of reliable extrapolation from 
such data. In practice the density of markers required 
to detect junctions will influence the reliability of 
tracking ancestral chromosome segments and thus 
potentially of locating functional polymorphisms that 
they contain. 
Appendix. Relationship between inbreeding coefficient 
and the mean number of junctions per Morgan 
Following the argument of Stain (1980), the fate of a 
new junction is the same as that of a neutral mutation. 
It may become fixed or lost in the end, but its expected 
frequency remains constant (1 copy). The rate at 
which new junctions forms is H,, and the expected 
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number of junctions in any generation is thus 
1-1 
if =>.IHj. 
The linear relationship between F,(= 1—H,) and J, 
can most easily be seen by allowing self-fertilization 
(we will return to the exclusion of selfing later). 
H,.3 = (i -  I )H, 
If, =.t'H0 =l—l/2N) 
or, since H0 = I, 
H,=1' 








a simple linear relationship. 
Now consider the case where selfing is excluded. 
Again following Stain, 
H,_—A24 +B24, 
where 
N — 1+/N2 + I 
2N 







[Note: checking Stam's equation for the expected 
limiting number of junctions we see that 
J:C >.IH,A-- +B-1-----, _'k3'  
which simplifies to 2(N+ 1)] 
Now consider an intermediate generation. 
J,= H =A Y 24+ B E Al, 
1-2' 1 -2' 
=A- 1 +B— aw 
I —Al 1-23 




From the above note, the first two terms sum to 
2(N+ 1). Since 13 is small and negative, after a few 
generations A24 is the dominant term in the expression 
for H,, so H, can be approximated by A24 without 
serious error. After a few generations, we may write 
J, & 2(N+ 1) — 
2N 
=2(N+ l)— H 
N+1—fN+1 
2(N+ l) — (2N+ l)H, 
=(2N+ 1)(1 —H,)+ 1 
or 
J,=(J 0 —l)F,+1. 
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